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ABSTRACT
The use of neutron and charged particle induced reactions is briefly discussed 
and the experimental facilities employed in this work are described.
The qualitative elemental composition of human lung tissues, taken from indivi­
duals deceased from non-lung-related causes, was determined by prompt gamma-ray 
neutron activation analysis (PGNAA), cyclic neutron activation analysis (CNAA), 
conventional neutron activation and proton induced X-ray emission analyses. In 
addition elemental concentrations were determined by CNAA and conventional 
activation. Concentration values for elements previously not extensively reported in 
the literature, Ce, Cl, F, Hf and Sc were obtained as well as values for 18 other ele­
ments.
Fingernail samples were investigated in order to study the uptake of Se and Zn 
supplementation. The efl'ect of the rate of excretion through flngemails of Se and Zn 
on the level of Na is described. The variations in the elemental concentrations from 
finger to finger are shown for Se, Cl, Na and K and the variations from hand to hand, 
of a control, are shown for Br, Cl, K, Mg, Na, Rb, S, Se and Zn. Concentration values 
for Br, Ce, S, and Se, for which values available in the literature are very few , are 
presented.
Bone biopsy samples were collected from the iliac crest of subjects, divided into 
four groups depending on the length of dialysis treatment, aluminium levels in blood 
and bone pathology in terms of osteoporosis. Fluorine concentration in the samples 
were determined by CNAA and proton induced gamma-ray emission (PIGE) in con­
junction with Rutherford backscattering (RBS). The relation between the A1 levels 
in the system and the F concentrations in the bone samples was investigated and the
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existence of a positive correlation between A1 and F was found.
The effect of mass fractionation was tested for small and large sample fractions 
of Bowen’s kale and the detection sensitivities were determined in counts/mg of sam­
ple.
The concept of the sampling factor in CNAA was established for the compara­
tive determination of elemental concentrations and the representative mass of 
Bowen’s kale required for the determination of Br, Ca, Cl, K, Mg, Na, Rb, S, Se, Sm 
and V were found.
Following the Chernobyl reactor accident, measurements of University of 
Surrey students returning from Kiev and Minsk were conducted for the neck region 
and the chest region. The activity of iodine (1-131) in the thyroid and the effective 
dose equivalent were calculated. The activities in the chest region for Cs-137, Zr-95 
and the annihilation radiation were determined using a chest water-phantom.
Measurement of radioactive particulates in air filters, collected from air ventila­
tion units in the London area, a month after the radioactive cloud from Chernobyl 
had passed over the U.K., was carried out and the concentrations of 17 fission pro­
ducts in the atmosphere were calculated,
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CHAPTER 1 
INTRODUCTION
The introduction of nuclear activation methods in the late thirties and early for­
ties of this century has opened new lines of research concerning human and animal 
lives and in the environment in which they live.
Interest in the elemental composition and concentration in the human body 
dates back to the seventeenth century when iron was known to be essential for life. 
A careful analysis of the correlation between the low concentration of iodine and 
endemic goitre, made by Chatin in 1850, found that iodine is essential in the preven­
tion of goitre [Hey 84]. The elements O, C, H, N, Ca, P, K, S, Cl, Na and Mg were 
found to be the major elements composing the human body and presenting 99.8% of 
it, w ith concentrations ranging from 65% for oxygen to 0.05% for magnesium. Trace 
elements also called micronutrients, such as Br, Cu, F, Fe, I, Se and Zn plus many 
others represent the remaining 0.2% of the body, they occur at 0.01% or lower con­
centrations, Figure 1.1, [Bes 59]. The concentration of an element in an organ or a 
fluid is the determinant of the state of its essentiality, non-essentiality or toxicity 
[Sch 77]. Thus trace elements play an important role in the state of health and 
disease of a human being as they are essential for the synthesis of vitamins, enzymes 
and hormones which are considered as regulators for normal body functions. The 
essential or toxic trace elements reach the human body from the environment via 
difl'erent pathways such as diet, ambient air, occupation and accidental exposure.
The evaluation of elemental composition and concentration by radioanalytical 
methods has been a matter of great interest to scientists, and the volume of research 
which is still being carried out is phenomenal. The analytical problems of clinical
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research associated w ith the amount of sample material available puts radioanalyti­
cal methods in an advantageous position.
NITROGEN 3.3 
CALCIUM 1,5 
PHOSPHORUS 1.0 
POTASSIUM 0.35 
SULFUR 0.25 
CHLORINE 0.2 
SODIUM 0.15 
MAGNESIUM .05 
IRON. IODINE, ZINC. 
FLUORINE AND OTHER 
ELEMENTS IN TRACES
CARBON 
HYDROGEnX 18.5 
9.5
OXYGEN 
65
Fig. 1.1 Diagram to show the percentages of the elements composing the body [Bes 59].
Instrumental neutron activation analysis (INAA), by thermal neutrons, is one 
of the most currently widely employed radioanalytical methods. The transparency 
of most materials to thermal neutrons plus the simplicity of the nuclear reactions 
and the isotropy of the thermal neutron flux, in the reactor core, make thermal neu­
tron activation analysis a highly sensitive method. The majority of elements in the 
periodic table can be determined in the part per million (ppm), or even part per bil­
lion (ppb) range of concentrations. The ’non-destructive’ nature of INAA is con­
sidered as a great advantage as other complementary methods of analysis can be 
applied for further investigations. In principle, thermal INAA methods are mainly 
based on the neutron capture reactions whereby no consequent change in the chemical 
nature of the irradiated elements take place. In general, neutron activation analysis, 
as described by Heydom, is superior not only in the sensitivity and accuracy, but
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also offers a methodology to assert the absence of unknown errors [Hey 84]. How­
ever, there are elements that neutron activation methods are not particularly suitable 
in determining their concentrations such as C and N where other radioanalytical 
methods are successful. With the increasing availability of charged particle accelera­
tors such as linear electron accelerators CLINAC) or Van de Graaff accelerators for 
non-nuclear physics studies, analysis by photon and charged particle activation has 
become an alternative option to neutron activation methods. Charged particle activa­
tion by protons or helium ions is a widely used example whereby elements like C 
and N can be analysed.
Proton induced X-ray emission (FIXE) in conjunction with high resolution spec­
trometry making use of Si(Li) semiconductors provides a method with adequate sen­
sitivity for trace analysis. PIXE reactions give on-line the qualitative composition of 
the bombarded sample on recording the spectra of the characteristic X-rays emitted.
Proton induced gamma-ray emission (PIGE) is in general a selective method 
whereby the bombarding protons are produced with an energy equal to the resonance 
energy of the element of interest. This method is widely applicable for light ele­
ments such as Al, Li, F, Mg and Na [Joh 88].
Rutherford backscattering (RBS) spectrometry is one of the methods used for 
investigating the depth distribution of atomic species below the surface without the 
need of layer removing. The quantitative nature of the results obtained by RBS, as 
accelerated ions channel through the target material and backscatter w ith lower ener­
gies, makes the method a perfect means of assessing the sample composition of heavy 
elements. However, a severe limitation is experienced for the detection of light ele­
ments [Chu 78], Therefore PIGE and RBS are two complementary methods of 
charged particle induced reaction analysis.
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In this work the main method of analysis applied was INAA, making use of the 
prompt activation, conventional activation and cyclic activation techniques, however 
prompt gamma-ray activation was applied only for the analysis of human lung tis­
sue.
PIXE was applied as a complementary method to INAA for the determination of 
the elemental content of the lung tissue, whereas PIGE and RBS were applied only on 
the work on bone biopsy samples in conjunction with cyclic neutron activation 
analysis, for evaluating the usefulness of the methods in determining the concentra­
tions of F in bone.
In chapter 8 of this thesis, measurements following the Chernobyl reactor 
accident, back in 1986, are presented. The work on Chernobyl-associated measure­
ments was performed in the beginning of the course of this research. However, as the 
measurements depended only on the analysis of gamma-ray spectra to determine 
activities of fission products and it is some what different from the rest of the 
material, making use of induced reaction analysis, it was considered more suitable to 
present it exclusively and separately as the last chapter of the experimental work in 
this thesis.
Introduction
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CHAPTER2
RADIOANALYTICAL BACKGROUND
2.1. Introduction
The discovery of Isotopes was one of the results of research on the radioactive 
elements. The way in which isotopes arise in the radioactive element can be under­
stood in terms of the effect of radioactive decay on the atomic number and the 
atomic weight. Many of the ideas of atomic and nuclear physics are based on the 
radioactive elements and their radiations. The discovery of artificial or induced 
radioactivity by Joliot and Curie, in 1934, started a new line of research, and hun­
dreds of radioactive nuclides have now been made by various methods. The investi­
gations of the radiations emitted from natural and artificial radionuclides have 
shown that the nucleus has energy levels analogous to those of the atom [Kap 77]. 
Elemental determination and quantitation by measuring the induced radioactivity, 
has become a common reliable means of analysis. With the availability of research 
reactors and charged particle accelerators, the applications of neutron and charged 
particle-induced nuclear reactions are nowadays considered as some of the most 
powerful tools for the determination of elements and their concentrations in a partic­
ular matrix.
2.2. N eutron induced reactions
Activation by neutrons was first discovered by George de Hevesy and Hilde Levi 
at the Niels Bohr Institute of Theoretical Physics, Copenhagen in 1936, when they 
were studying the action of neutrons on rare earth elements [Hev 86].
Radioanalytical Background
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Production of radioactivity by neutrons usually results from the imbalance of 
the target nucleus on capture of the neutron by increasing the ratio of the number of 
neutrons to that of protons, leaving the nucleus in an excited state. Considering neu­
trons as neutral particles, they are not affected by the Coulomb electrostatic forces as 
they penetrate the target nuclei. Upon neutron interaction with a target nucleus, a 
compound nucleus is formed which is in an excited state. The excitation energy is 
equal to the sum of the binding energy of the incident neutron, which is in the 8 
MeV range for medium weight nuclei, and the neutron’s kinetic energy which can 
range from a fraction of an electron volt for thermal neutron reactions to several 
million electron volts for threshold and fast reactions.
Neutron reactions of particular interest to neutron activation analysis take place 
mainly in three different forms. These reactions are: radiative capture, transmutation 
and inelastic scattering which will be discussed in greater detail. It should be noted 
that the term ’neutrons’ used here is meant to be reactor neutrons.
2.2.1. Radiative capture
It is the process through which a low energy neutron, in the thermal region, is 
captured by the target nucleus with a particular cross-section resulting in the pro­
duction of an excited compound nucleus. This nucleus will de-excite by gamma-ray 
emission or via the emission of beta particles followed by gamma-ray emission. Beta 
decay is a more probable de-excitation mode as it can be initiated by upsetting the 
neutron to proton ratio of the stable nucleus. Radiative capture reaction can be illus­
trated as follows: For a prompt (n ,y) reaction,
^ / l o + z X — *  > 2 fprom/?? 10“ '^*j'j ( 2 . 1 )
where z X  is the target nucleus, is the compound nucleus and z is the
Radioanalytical Background
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product stable nucleus.
If the product nucleus is unstable due to the increase of the neutron to proton 
ratio, this nucleus will then emit beta particles, i.e.
A +iX  > +o/3_i (2.2 )
and
z-iuY -------------> z+ iY + y (delayed) (2.3)
where z+i^Y is the product nucleus in its excited state and z-hi^ Y is the final product 
nucleus which is stable.
2.2.2. T ransm utation
In this reaction type the compound nucleus produced always de-excites by the 
emission of charged particles. Such reactions are (n,p), (n,d), (rt,«), (n ,t) and 
(n ,^He), where the target nucleus is transmuted to that of another element. As a 
result, the chemical properties of the formed nucleus will be different from that of 
the target. Since transmutation results in the emission of nucleons, the amount of 
energy required to drive these nucleons out of the nucleus through the Coulomb bar­
rier must be high enough ( a few MeV's) to allow such a reaction to take place. The 
energy required for the reaction is known as the threshold energy, below which the 
reaction cannot be acœmplished. The minimum energy, E f , at which an endoergic 
reaction is possible is given by :
Er = - Q  (2.4)
where the Q value is the difference in mass between the reactants and the products, 
and Mn and M are the masses of the neutron and the target nucleus respectively.
The proton energy that is required to overcome the Coulomb barrier, is given, 
according to the classical theory by
Radioanalytical Background
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% » (2.5)
where and Zg = atomic numbers of the product nucleus (A) and the emitted par­
ticle Ca);
e = electron charge = 4.8 x 10“ ®^ e.s.u.;
JR^ = the nuclear radius = + Rg
For a neutron ( Zg = 0), where Ef, =0, no activation energy is needed.
Therefore, the capture of slow or thermal neutrons is a favourable option because the 
average binding energy per neutron amounts to about 8 MeV. At very high energies, 
spallation, fragmentation and fission of the compound nucleus is possible [DeS 72].
2.2.3. Inelastic scattering
When a neutron bombards a nucleus, giving the nucleus part of its kinetic 
energy and recoils to conserve the momentum, this neutron is said to be scattered 
inelastically. If the neutron imparted sufficient energy to the hit nucleus to leave it 
in a metastable state, such a nucleus will de-excite by nuclear transitions, with half 
lives ranging from 10~*s to 10‘‘‘^ s, and the scattering may be noted by Cn.n') or 
(n-.n-y)* When the neutron imparts to the target nucleus a kinetic energy greater 
than the binding energy of the neutrons in the target nucleus, two neutrons may be 
emitted from the nucleus and the reaction is denoted by in.In'),  The residual 
nucleus may therefore emit positrons and/or undergo electron capture in order to 
de-excite. In heavier nuclei negatron emission may also take place.
2.2.4. Neutron energy in  a reactor
The interactions of neutrons with target nuclei is known to be governed by the 
neutron energy. In a reactor, neutrons can have a wide energy range, which was
Radioanalytical Background
- 9 ” Chapter 2
classified by Lapp and Andrews [Lap 72] as follows:
Cold = <  0.002 eV ^
Thermal 0.025 eV at 293 K
Slow 0.03-100 eV
Intermediate 100 eV-10 keV
Fast 10 keV-10 Mev
High energy > 1 0  MeV
The thermal neutrons are those with energy (0.025 eV) corresponding to neutron 
velocity of (2200 m /s) of a Maxwellian distribution at 293.6*K. These neutrons are 
in thermal equilibrium with the moderator.
2.2.5. Reaction ra te  fo r reactor neutrons
The probability of a neutron, with an energy, E, to interact with a nucleus is 
expressed by the cross-section, which is measured in barns ( lb  = 2.4 m^).
Thus, the reaction rate is defined as :
R = fcriE)<l>iE)dE (2.6)
0
where 0 (E)dE is the flux of neutrons with energies between E and E +dE, and cr(E) is 
the macroscopic cross-section of the neutrons with energy E.
For radiative capture, the reactor neutrons have a wide energy, and the probabil­
ity of interaction with target nuclei will depend on the neutron energy and the 
corresponding cross-section, therefore the above equation can be expressed as :
R = 4>thO-th+^eIo (2.7)
where <pth is the conventional thermal neutron flux, cTth is the thermal neutron
cross-section obeying the law, is the epithermal neutron flux per unit loga­
rithmic energy interval, and I q is the infinitely dilute resonance integral, covering an 
energy range from the Cd cut-ofif to the end energy of the neutron spectrum.
Radioanalytical Background
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For a threshold reaction to occur, whether transmutation or inelastic scattering, 
the incident neutrons must have sufficient kinetic energy. Hence, fast neutrons are 
necessary for the reaction to take place. Therefore, the reaction rate for a threshold 
reaction can be expressed as:
R = J  (y{E)4>f{E)dE (2.8)
where Ej- is the threshold energy and is the flux of the fast neutrons with ener­
gies between E and E+dE.
The average cross-section in a fission neutron spectrum is given as:
Ja-{E)(f>f dE
^  ^ -------------  (2.9)
0
and the equivalent fission flux is therefore
/  = Ji>fiE)dE (2.10)
0
Thus the reaction rate for fission becomes
R = ü /  (2.11)
The cross-section values, which are obtainable from tabulated data, are confined to
unperturbed fission neutron spectra. However, perturbation of the spectrum occurs
when a sample is introduced to the fast flux. The eff'ect of the sample on the degree
of flux perturbation is negligible for small samples and becomes significant for
larger samples, and hence flux perturbation corrections are necessary.
2.2.6. The neutron activation equation
In this work, conventional neutron activation was applied for determining ele­
mental composition via long-lived radionuclides, and the mode of decay observed for
Radioanalytical Background
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the activation product was by gamma emission. Cychc neutron activation was 
employed for determining elemental concentrations by measurement of the radiation 
emitted by shorter-lived nuclides.
The detector response, D, for conventional neutron activation by reactor neu­
trons is described in detail by Kaplan [Kap 77] and De Soete et al [DeS 72].
The equation is given as :
(2.12)
where
No = Avogadro’s number
f  = fractional abundance of the target nuclei
m = mass of the target element
A = atomic weight
4>th = thermal neutron flux.
0 c = epithermal neutron flux .
<j,;i = is the thermal neutron cross-section 
/o = resonance integral
= the absolute efficiency of the detector for the emitted photon energy 
= the relative intensity of the emitted gamma line 
X = the decay constant of the product isotope 
ti = time of irradiation 
= waiting time
Radioanalytical Background
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to = counting time.
Cyclic neutron activation is the process through which the sample is subjected 
to a sequence or sequences of irradiation, decay and counting which are denoted by 
cycles as shown in figure 2.1a,b. The times of irradiation, decay and counting are 
usually short ( in seconds), and relative to the half-life of the isotope of interest. 
The detector response, Z>c, for cyclic neutron activation analysis is described in detail 
in a review by Spyrou [Spy 813. The method in its accepted form was developed at 
Surrey. For a number of cycles, the cumulative detector response is given by:
Do  =  D -
where
n e ^^(1—e "^^) (2.13)
D 1 = the detector response for the first cycle; D i = D in equation (2.12). 
n = number of cycles
T = the cycle period ie, T = where (J is the time between end of
counting and start of irradiation.
Cyclic neutron activation analysis was found to have greater signal to noise ratio 
than conventional or one shot irradiation and counting activation analysis for the 
same experimental time.
2.3. Proton induced reactions
Charged particle activation analysis was first applied by Seaborg and co-workers 
in 1938. The method was not recognized as a valid analytical technique until the 
mid forties [DeS 72]. Nowadays, with the development of charged particle accelera­
tors and cyclotrons, changed particle activation analysis methods have become power­
ful analytical tools.
Radioanalytical Background
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saturation100
decay a f te r  
ir ra d ia t io n
growth during 
ir ra d ia t io nt  50•H
1 2 3 4 5 60 1 2 3 4 5 6
H a l f - l iv e s
F i g .2 . la Growth and decay of r a d io a c t iv i ty  [DeS 72]
1st cycle 2nd cyc le
Time
T
F ig .2 . lb The v a r ia t io n  of iso top e  a c t iv i t y  with time and cycle  number 
[Spy 81].
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Upon activation by protons, or any other positively charged particle, the pro­
tons are accelerated to sufficient energies to overcome the repulsive force of the 
nucleus. If the particle energy is above the particle emission threshold of the target 
nucleus, the compound nucleus will then decay by particle emission. Below the par­
ticle emission threshold, capture, elastic and inelastic resonant scattering are 
observed. The threshold energy is expressed as in equation (2.4).
Proton induced X-ray emission (PIXE) and proton induced gamma-ray emission 
(PIGE) are the main proton reactions which were used in this work and will be dis­
cussed in some detail.
2.3.1. Proton induced X -ray emission PIXE
When a proton passes through a neutral atom it interacts mainly with the elec­
tron cloud of the atom resulting in the ejection of electrons from their shells causing
atomic excitation. The atom de-excites immediately by a rearrangement process of 
the shell electrons resulting in the emission of an Auger electron in light atoms and 
X-ray emission in heavy atoms. The energy of the emitted X-rays is equal to the 
difference in the energy levels of the atomic shells. These X-rays are characteristic of 
the element of the target atom. The maximum energy that a proton, or a heavy par­
ticle, can transfer to an electron at rest is given classically by:
where
mo = the rest mass of the electron
m = the mass of the proton or the heavy particle
Eq = the projectile energy
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and the cross-section of the X-ray emission, cr(x) is expressed as :
<j(;c ) = wcr(/) (2.15)
where
cr(/)is the ionization cross-section
w is the fluorescence parameter which depends on the transition energy.
The X-ray absorption within the irradiated material is generally considered to be 
negligible in the case of PIXE as the linear energy transfer of protons is high causing 
the ionization and excitation to occur near the surface of the irradiated material.
2.3.2. Proton induced gam m a-ray emission, PIGE
The principle of PIGE is to cause nuclear excitation of the target nucleus by pro­
ton bombardment. In (p ,p'y) reactions, the compound nucleus is left in a highly 
excited state which subsequently decays by the emission of a cascade of gamma- 
rays. Whereas in a Cp, ay') reaction an alpha particle is emitted from the first 
excited state of the nucleus followed promptly by the emission of a gamma-ray cas­
cade from the excited residual nucleus. If the excited nucleus decayed to its ground 
state by alpha emission, no gamma-rays will be emitted and the reaction is said to 
be (p, a). In light nuclei, the energy levels are widely spaced and the cross-sections 
for the reactions i p , p'y), i p , a y )  and i p , a)  manifest sharp resonances as a function 
of proton energy. The sharpness of the resonance allows selective analysis of a single 
element in a complex matrix and hence depth profiling, making use of ip,  p'y), ip, 
a y )  and (p, <%) reactions become possible. The reaction cross-section for an isolated 
resonance has an energy dependence and is given by the Breit-Wigner formula as :
U ±
iE—Bs )^+'
(TaiB)= TTk' g^ ---------- -— barns (2.16)
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where
E Is the energy of the incident particle;
k. is the de Broglie wave length
g is a statistical factor accounting for the spin of the incident particle and the tar­
get nucleus and the angular momentum of the compound nucleus.
r  is the resonance width
Ta is the probability of decay of the compound nucleus to particle a 4- the residual
nucleus.
Ejj is the resonance energy.
As the protons are accelerated to high energies, the energy loss and the resonance 
position in the target will depend on of the stopping power of the target. The stop­
ping power is defined as the average energy lost by a proton as it travels a unit path 
length in the target and is expressed as
S t e ) = —^  (2.17)ax
where x is in g cm“  ^and SiE) in MeV g~^ cm}, [Wil 66].
When gamma-rays are emitted following a proton reaction with the target 
nucleus, the detector response per unit charge for an element, i, is given as :
where
N q is Avogadro’s number;
Ai is the atomic weight of the element i;
I is the number of beam particles per unit chaise;
Radioanalytical Background
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ù  solid angle subtended by the detector;
€,• e&ciency of the detector for the emitted energy line;
k is the fractional abundance;
Pi is the partial density of the target element i;
P t  is the density of the target; 
o-iiE)
is the reaction cross-section at energy E;
SCE) is the stopping power at energy E.
Eq Ef
are the minimum and maximum energies of the incident particles.
Elemental concentrations are obtainable by PIGE if the reference material 
chosen, has comparable stopping power to that of the sample. Therefore the concen­
tration C of an element i in a matrix compared to an element in a reference material r
can be deduced from equation 2.18 as :
where T,- is the detector response for counts from element i in the sample and is 
the detector response to counts from element i in the reference material.
2.3.3. R utherford backscattering RBS
Rutherford backscattering is a concept based on the conservation of momentum. 
It is a useful tool in the study of thin films, foils, surfaces and the analysis of solid 
compounds. The method provides an estimation to the concentration profile of the 
atoms present in the sample. When a proton or a helium projectile beam impinges on 
a surface of a sample, part of the projectile energy is imparted to the target nucleus,
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depending on the atomic number of the target nucleus, the projectile will recoil with 
most of its original energy. The energy loss to the target nucleus is a function of the 
depth of the projectile’s track in the target. For a monoeneigetic beam of projectile 
ions of mass m and energy Eq which penetrates a target surface containing atoms of 
mass M, the ratio of the projectile energies post and prior to collision is given by the 
kinematic recoil factor , as:
1
Ir -  COS0+{M
where 0 denotes the backscattering angle. The rate of eneigy loss with distance, 
dE/dx, is obtained from the stopping cross-section t) of the target material:
„  = f  (2.21)
and the energy loss factor in the surface, [S], is expressed as:
[S]= t„r)(go)+ '^^'"5° (2.22)COS0
where 6 = 180 - 0 .
Therefore, the thickness of the backscattering layer, t, and the energy difference, AE
between incident and scattered energies of the particle may be expressed as :
'  = m  (^-23)
The number of events, H, accumulated in one channel, evaluated at the surface is 
given as:
B  =  QacrCEo,e)NSx (2.24)
where
Q is the total number of incident projectiles on the target
A is the solid angle subtended by the detector
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cr(Eo,0)
is the differential Rutherford backscattering cross-section at a projectile-incident 
energy Eq and backscattering angle 0.
N is the atomic density
fix is the distance that the projectile penetrated before being scattered.
As the backscattering process is simply a Coulombic repulsion, the differential 
cross-section of the backscattering process in the centre of mass frame is therefore :
c r (0 )  = zZe"2E<
COS0 ± 1—(-^ )  sin^0^ M
sin'*0 1—( ~ )  sin^ô M
(2.25)
where
z= atomic number for the projectile atom;
Z= atomic number for the target atom;
e= electronic charge.
The stopping cross-section ( t) ) of an incident projectile is dependent upon the 
composition of the target material. For a target composed of element A and element 
B with the atomic numbers m and n respectively, the total stopping cross-section is 
given by:
V -m r iA + n V B  (2.26)
where 77^  and 7)3 are the stopping cross-section per atom for the elements A and B
respectively. The energy loss factor, [S] , for a compound target material can now be
obtained by substituting the 7} value in equation (2.21) by that in equation (2.26).
The thickness of the backscattering layers of atoms A and B are now given by (2.23)
as :
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^  C2.27a)
(2.27b)
For a homogeneous layer of compound and B^, =2#. From equations (2.24)
and ( 2.27a) the total number of events recorded for element A can be expressed as :
similarly
/Ü  = (2.28a)
Hs = Q ù (Tb (Eo)^a (2.28b)
The ratio of the above two equations gives :
Ha o-a (Eq')Na {S]b
H b G"B ( E q)  N b [5 ]a (2.29)
where (—) but for a homogeneous compound of andO'skJ^q) n
[Sh AEa
AEa
therefore equation (2.29) becomes :
El A E[a ^ b ^E q)AEb
(2.30)
(2.31)N b H b O-a ( E q)AEa
From the counts from the spectrum of the emitted energies corresponding to elements 
A and B, their elemental concentrations can be found and hence, the stoichiometry of 
the compound layer may be determined from the depth profile of the ions.
Radioanalytical Background
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ACTIVATION FACILITIES AND SAMPLE PREPARATION
3.1. Introduction
The activation method applied in this work was mainly instrumental neutron 
activation analysis CINAA), making use of reactor neutrons in four different irradia­
tion facilities, associated with their counting and data acquisition instruments. Pro­
ton induced X-ray emission CPIXE) and proton induced gamma-ray emission (PIGE) 
in conjunction with Rutherford backscattering (RBS) are techniques used as comple­
mentary methods of analysis which were applied in order to test their capabilities 
for elemental investigations of bioenvironmental specimens.
3.2. Neutron activation facilities
Neutron irradiation systems and their associated data acquisition instruments, 
were made available at the Imperial College Reactor Center (ICRC). The reactor is a 
CONSORT Mark II, swimming pool type, moderated, reflected and cooled by light 
water. The reactor fuel is enriched to 80% U-235, arranged in a lattice of 24 fuel 
elements, each consisting of 12 to 16 uranium plates, contained in aluminium alloy. 
The reactor pool is made of aluminium and measures 7 m deep and 1.5 m in diame­
ter. In normal circumstances, the reactor operates at its maximum power of 100 kW. 
For controlling the reactor, there are four controlling rods, three of which are made 
of cadmium, (one safety rod and two coarse control rods) the remaining rod is made 
of stainless steel and used for fine control of the neutron flux. The lay-out of the 
reactor core is shown in figure 3.1. The biological shield of the reactor is made of 
separate concrete blocks stacked to form a wall greater than 2.5 m thick on two
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opposite sides of the reactor, the other two sides are shielded by removable blocks to 
allow access to the neutron-irradiation beams. Detailed information about the reac­
tor specifications is available in the ICRC report [ICR 80], Figures 3.2a,b show an 
over-head view and a side elevation of the reactor and the irradiation systems respec­
tively. The neutron irradiation systems used in this work were the cyclic activation 
system (CAS), which was employed intensively in this work, the in-core irradiation 
system (ICIS), the core tubes irradiation facility (CT) and the horizontal neutron 
beam for the study of prompt gamma-rays [Bur 83]. The neutron flux values of the
different irradiation systems are summarized in table 3.1. I
i
3.2.1. Cyclic activation system (CAS)
©This system is installed on the 0. face of the core. It allows single or multiple j
irradiations of samples in either a mixed reactor neutron spectrum, by irradiating I
samples in an aluminium tube (bare tube), or in an epithermal neutron spectrum by 
irradiating samples in a cadmium sleeved aluminium tube. The CAS system was 
developed by Spyrou and his group in collaboration with the group at the Reactor 
Center in order to measure short-lived radionuclides, by employing the technique of 
cyclic activation analysis and provide better detection limits than those achieved by 
conventional one-shot irradiation and counting [Spy 81, Bur 82].
Sample materials are irradiated in 1.7 ml polyethylene capsules made from 
granules with minimum levels of impurity. The two irradiation tubes are located 
adjacent to one of the vertical faces of the reactor core and are of concentric tube 
design. The flight tube is made of aluminium of 17 mm diameter contained in a 24 
mm diameter aluminium tube to provide the annulus through which return gas 
flows. The CAS irradiation tubes from the core end and the cyclic activation system 
as a whole, are shown schematically in figures 3.3 and 3.4 respectively. Nitrogen gas
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Facility Positions Thermal flux 
(n/cm^ sec)
Cd ratio 
for Au Epithermal flux ratio
Fast flux 
(n/6m2 sec)
ICIS - 2 . 2 7  X  1 0 ^ 2 2 . 2 0 . 0 5 4 1 . 1 7  X  1Q 12CAS Bare tube 1 . 2 0  X  1 0 ^ 2 2 . 3 0 . 0 4 9 0 . 5 2  X  1Q 12CAS Cd tube 1 . 9 2  X  lO ^ o 1 . 0 5 2 . 3 7 0 . 4 1  X  1Q 12
1 CT 1 , 6 0 . 6 3  X  1 0 1 2 0 . 1 6  X  1Q 12(large tube) 2 , 5 0 . 8 7 0 . 2 3
3 , 4 1 . 0 1 3 . 2 0 . 0 2 8 0 . 2 5
2  CT 1 . 6 0 . 8 6  X  1Q 12 0 . 3 5
2 , 5 1 . 2 0 0 . 3 5
3 , 4 1 . 3 9 3 . 0 0 . 0 3 2 0 . 3 8
3  CT 1 . 6 0 . 7 9  X  1Q12 0 . 2 4  X  1 0 1 2
2 , 5 1 . 1 0 0 . 3 3
3 , 4 1 . 2 8 2 . 9 0 . 0 3 3 0 . 3 64CT 1 ,  6 0 . 7 2  X  1 0 1 2 0 . 1 9  X  1Q 12
2 , 5 1 . 0 0 0 . 2 6
3 , 4 1 . 1 6 3 . 2 0 . 0 2 8 0 . 2 95C T 1 . 6 0 . 6 3  X  1 0 1 2 0 . 1 2  X  1 0 1 2
2 . 5 0 . 8 8 0 . 1 6
3 , 4 1 . 0 2 4 . 2 0 . 0 1 9 0 . 1 86 CT 1 . 6 0 . 7 1  X  1 0 1 2 0 . 2 2  X 1 0 1 2
2 . 5 0 . 9 9 0 . 3 0
3 , 4 1 . 1 5 3 . 3 0 . 0 2 8 0 . 3 37 CT 1 .  6 0 . 7 4  X  1 0 1 2 0 . 2 2  X 1 0 1 2
2 , 5 1 . 0 3 0 . 3 0
3 , 4 1 . 1 9 3 . 0 0 . 0 3 2 0 . 3 38 CT 1 ,  6 0 . 1 4  X  1 0 1 2 0 . 1 4  X  1 0 1 2(Cd tube) 2 , 5 0 . 2 0 0 . 2 0
3 , 4 0 . 2 3 1 . 0 4 4 . 1 5 0 . 2 20^  facility 1 0 . 5 1  X  I Q i i 0 . 3 2  X  l O i o(STF) 2 0 . 7 4 0 . 5 6
3 0 . 9 8 0 . 5 6
4 1 . 2 0 3 . 0 0 . 0 3 1 0 . 9 5
5 1 . 4 0 1 . 1 16 1 . 4 6 1 . 1 8VTC Max. (base) 2 . 7  X  1 0 » 1 8 0 . 0 0 3 6 < :7 x io *Mid-hieght 1 . 8  X  10"^ 1 6 0 0 . 0 0 0 4 < 7  X  1 0 »
Table 3.1 
II reactor. Neutron finx values for the irradiation facilities of the CONSORT
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is used to drive the irradiation capsule into and out of the irradiation tubes w ith a 
typical transfer time of 400 ms. The sample capsules are loaded through an A1 tube 
onto a magazine, which consists of a precision machined aluminium disc containing 
30 equally spaced capsule ports, from which the capsules are ejected into the irradia­
tion tube. At one time up to 70 irradiation capsules can be loaded on the magazine 
and the aluminium loading-tube, together. There are four operational modes, A, B, C 
and D through which the CAS can operate. In mode A, during any one cycle, there 
are always 3 capsules in the system; 1 in the core, 1 decaying in a directional control 
valve, and 1 in the counting station. This mode has the advantage of speed in sample 
irradiation, decay and counting, however, the limitations of this mode lie in the fact 
that the irradiation time, the decay time and the counting time have to be equal, 
which may not be practical in measuring very short-lived radionuclides. Mode B is 
similar to A except that no time of decay is set for the sample to be transferred from 
the irradiation position to the counting station, thus allowing a decay period equal to 
the minimum transfer time. Mode C allows one sample to be in the system during 
any one cycle, where different times of irradiation, decay and counting can be pre-set. 
Mode D is designed for automatic cyclic activation whereby the capsule is oscillated 
between the irradiation position to the counting station for a pre-set time of irradia­
tion, decay and counting and for a pre-set number of cycles and number of samples. 
Following, the end of irradiation and counting of one sample, the capsule is ejected 
and another one, from the magazine is introduced into the system.
The detection system comprises a coaxial GeCLi) detector, with an active volume 
of 30,000 mm» and a resolution of 1.69 keV, at 1332 keV placed on top of the reac­
tor. A low energy HPGe is also placed diametrically opposite the Ge(Li) detector in 
the counting station, but was not operational during the major course of this work
Activation facilities and sample preparation
-2 8  - Chapter 3
r ALUMINIUM CLADDING
F L IG H T-TU B E ( EPITHERMAL IRRADIATIONS)
GA S-TUB E 224 m nk
CAPSULE CENTRES
60mm.
CADMIUM
FL IG H T-TU B E ( THERMAL IRRADIATIONS) G A S -T U B E
C O R E - HORIZONTAL 
CENTRE LINE
F ig .3.3 Irrad ia t ion  tubes (core end).
t r a n s it io n  M A N IF O L D -,
FLIGHT TUBES
KEY
5 V :- SOLENOID VALVE 
B l:-  BLOW " IN "
B 0 >  BLOW "O U T"
TR A N S'- TRANSFER
EX:- EXHAUSTInorm ally open)
FLIGHT TUBE  
SELECTOR DIRECTIONCONTROL
VALVE
DETECTOR 1 
SHIELDING^ ♦
-  LOADING TUBE LREACTOR TANK i>
(TRANS.)
PLATE VALVE{ B l  2 )
NITROGEN 
GAS
LIQUID
NITROGEN
SAMPLE
MAGAZINE
B,1 1)
I DRIVE
CONTROL ANALYSIS OUTPUT
SYSTEM SYSTEM
F ig .3.4 The c y c l ic  a c t iv a t io n  system.
Activation facilities and sample preparation
- 29 -  Chapter 3
due to malfunction. The signal from either of the detectors is connected to an 
amplifier and then fed into a Nuclear Data (ND6700) mini computer and data 
acquisition system. The acquired sample spectra can either be processed on the 
Nuclear Data neutron activation analysis software, or transferred to a BBC-B micro­
computer where the spectra can be stored on a floppy disc and then transferred on a 
mainframe computer for detailed spectral analysis. In this work, the second method 
was used. For cyclic activation experiments, the spectrum of each cycle is stored 
individually, transferred to the mainframe (PRIME) computer and corrected for 
dead-time. The spectra for the required number of cycles are then summed-up and 
analysed by the modified SAMPO spectral analysis program, as will be explained 
later in the chapter. The ND6700 data acquisition system lacks the facility of accu­
rate dead-time correction and it has been found that the Nuclear Data software 
implemented on the system underestimates the evaluation of the photopeak areas of 
the energy peaks as reported by Adesanmi and Al-Mugrabi [Ade 83, Al-M 87]. The 
advantage of CAS lies in its capability of measuring half-lives as low as 300 ms, 
besides being a rapid analytical technique. The disadvantage of CAS is mainly due to 
the high background counts from the reactor , plus activity from the irradiation cap­
sule material,
3.2.2. In-core irradiation system, ICIS
This system provides the highest neutron flux in the reactor, as the samples are 
irradiated in the core center. Figure 3.1. A fast pneumatic transfer system is used 
through which the samples can be directed either to the radiochemical laboratory for 
processing, in this case changing sample container and then counting on a high resolu­
tion semiconductor detector in conjunction with the ND6700 data acquisition sys­
tem, or transferring the sample to a collection point where samples are dropped in
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lead pots for transportation purposes. Samples are doubly contained in polyethylene 
capsules, the outer capsule is of a standard size for ICIS and is usually heat-sealed. 
Irradiation times upto a maximum of 6 hours are allowed in this system but users 
are generally encouraged to use it for short irradiation ( typically 10 min ). The 
advantage of the ICIS facility apart from high flux is that the sample container can 
be changed quickly (in about 30-45 s after the end of irradiation) before counting the 
sample, thus reducing the background from blanks (and from the reactor). The 
disadvantage of this system is that its capability of measuring short-lived activity is 
limited to isotopes with half-lives above 1-2 minutes, beside the radiation exposure 
due to sample handling.
3.2.3. Core-tubes (CT)
Vertical tubes for sample irradiations are provided on the 90 and 270 outer 
faces of the reactor core. The facility is mainly used for long irradiations and for 
investigating long-lived radionuclides. The encapsulated samples are contained in an 
outer polyethylene capsule of 25 mm diameter for irradiations upto 90 hours. 
Aluminium outer capsules are provided for irradiations exceeding 90 hours which can 
resist neutron damage. There are 8 core tubes in the reactor core one of which ( no. 
8) is cadmium sleeved for epithermal neutron irradiation. Each core-tube can hold 
upto six sample containers, and irradiation times ranging from 8 hours to 130 hours, 
depending on the generated activity, can be achieved. The samples in this facility are 
manually loaded or unloaded as the reactor is shut-down. The neutron flux in the 
core tube varies from one to another, depending on the location of the core tube in 
the reactor core. The flux values of the different irradiation facilities are given in 
Table 3,1.
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Counting samples irradiated in the CT is performed at the Physics Department 
at the University. A 40,000 mm  ^ Ge(Li) detector is used in conjunction with a 
Nuclear Data (ND66) multichannel analyser /  computer terminal, which may be 
connected on-line with the University’s mainframe computer, enabling on-line 
transfer of the acquired gamma-ray spectra. Upon counting, the samples are placed 
on a carousel that holds upto 12 samples enabling counting of samples and transfer­
ring of spectra in turn. Long time of counting is allowed on this system, usually 
between 1 hour to 12 hours per sample.
3.2.4. Horizontal neutron beam facility
The neutron beam is collimated through a tube which is 0.5 m from the core 
and extends to 2.6 m, figure 3.5. The neutron beam outside the monolithic shield of 
the reactor is shielded by a 0.1 m thick lead wall lined with a cadmium sheet and a 
0.3 m of "JABROC resin-impregnated wood laminate extending from the floor level 
to 1.8 m of height. The sample position is found within the lead shield facing the 
detector assembly. The holder is attached to the bottom of a lead plug which is 
housed in the lead shield to ease mounting and removing the sample. The assembly 
of shielding and apparatus is shown in figure 3.6.
The horizontal neutron beam is employed for on-line irradiation and counting of 
the sample. Therefore recording of promptly emitted gamma rays can be performed. 
In addition short-lived gamma-rays can also be detected.
The detection system used for the beam facility comprises a Ge(Li) detector in 
conjunction with a Compton suppression system. The Compton suppression system 
consists of an annular Nal(Tl) crystal surrounding the Ge(Li) detector and connected 
to 4 photomultiplier tubes. The Ge(Li) detector is gated in anti-coincidence with the 
Nal(Tl) detector signal. The Compton suppression spectrometer circuit is shown in
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figure 3.7. The specifications of the detection station are summarized in table 3.2.
detector type coaxial Ge(Li)diameter 45 mmlength . 45 mmp-core diameter 8 mmactive volume 72000 mm®difusion depth 0.5 mmE.H.T +3000Vcurrent 50pA at (3000V)
capacitance 18pF at (3000V)FWHM 2.1 keV at (1332 keV)peak to Compton ratio 35:1Nal crystal 200 mm diameter x 200 mm thickness
Table 3.2 The specification of the detection station of the prompt activation system.
When a sample is irradiated by neutrons, the resulting energy spectrum will be 
composed of photopeaks associated with scattering continua. Therefore the more 
complex the irradiated matrix, the more complicated is the energy spectrum and the 
greater the scattering continua and thus the smaller the signal to noise ratio. The 
reduction in the scattering continua means improvement in the signal to noise ratio 
and hence better detection limits. The idea of the Compton suppression system is 
generally to count the scattered photons from within the Ge(Li) crystal in anticoin­
cidence, giving rise to detectable events by the Ge(Li) if they are above the lower 
discriminator level. The output pulse from these events is used to gate only the pho­
toelectric absorption by the Ge(Li) detector and to phase out the Compton scattered 
events from being electronically recorded. The suppression e&ciency, is the increase 
in the peak to Compton continuum of the suppressed spectrum to that of the
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•unsuppressed. Using this system, a reduction in background by a factor of 2 to 4 
was achieved depending on the energy of interest [Khr 87].
3.3. Charged particle irradiation facility
Analysis by charged particle irradiation was carried out using the University of 
Surrey 2MV Van de Graaff accelerator. The accelerated charged particle projectile 
beam is directed to a particular beam line by the aid of an analysing magnet, Figure 
3.8. The accelerator beam line used in this work comprises a control slit and a beam 
steerer to maintain the beam central to the accelerator tube, 2 apertures for adjusting 
the beam diameter, 2 deflection plates in x direction and 2 in y direction for scanning 
purposes, and finally a quadruplet lens for focussing the beam on the target. A 
microscopic eye piece is used to aid viewing and locating the beam on the target. The 
target vacuum-chamber is made of aluminium and has a motorised target holder for 
automatic scanning.
The radiation detection following the interactions taking place in the samples by 
charged particles was performed according to the induced type of radiation emitted. 
In the PIXE work a Si(Li) detector was used for the detection of the characteristic 
X-rays. The detector’s crystal was housed within the target chamber.
A large Nal(Tl) detector (128 mm diameter x 128 mm thick) was used for PIGE 
experiments, the detector was placed against the backplate of the target chamber as 
shown in figure 3.9. In the RBS work a silicon surface barrier detector was placed 
within the target chamber at an angle of 165  ^to the ion beam direction.
3.4. Sample Preparation
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Line valve
Stereo microscope
Target p la te
Target carriage
211 mm
Removable backplate 
(19 mm Al)
Nal(Tl)
detector 128 mm
128 mm
404 mm
F ig .3.9 A schematic diagram o f  the target chamber and the detector  
during PIGE experiments.
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3.4.1. The clean room
The clean room of the Physics Department is the place where all the samples 
analysed by neutron activation and charged particle reaction analysis were prepared. 
It comprises a laminar flow hood, for a laminar flow of air passing through a high 
efiEiciency particulate filter, where the actual sample preparation takes place, a bench 
top for preparatory work, hot and cold water taps and a sink, a deionized water pro­
ducing unit, an electronic balance with a sensitivity of 0.1 mg, a wall mounted 
storage unit for standards and clean apparatus, a glove box for dealing with volatile 
and toxic materials, a fridge-freezer unit, a centrifuge unit, a freeze-dryer and a 
storage unit for paper-tissues, plastic bags, labels...etc.
3.4.2. Washing procedures of capsules and tools
The capsules used in the neutron activation work were made of polyethylene 
and manufactured to the specifications of the Imperial College Reactor Center. 
Cleaning the irradiation capsule was performed by washing the capsules preliminary 
by tap water to remove dust and loose material, followed by soaking the capsules in 
Decon-90 detergent diluted to 20 % in deionized water for half an hour to remove 
greasy deposits during manufacture, followed by soaking and rinsing by deionized 
distilled water. The last cleansing stage was applied by soaking the capsules in 8 
Molar nitric acid (Analar) for 3 days, as recommended by Robertson [Rob 72] and 
Heydorn [Hey 84], followed by rinsing twice by deionized and distilled water and 
then left to dry in the laminar flow hood.
Other polyethylene apparatus such as spatuli, beakers and bottles were washed, 
using the same procedure. The complete die-assembly, used for pelletising the stan­
dards and samples is washed in Decon-90 with the above concentration and then 
rinsed twice in deionized distilled water and then wiped dry by tissue paper.
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3.4.3. Standards
Finely powdered standards such as Bowen’s Kale, IAEA Animal Blood and 
Animal Bone were prepared in pellets of 7 mm in diameter and a minimum thickness 
of 1 mm according to the mass of the material to be analysed, A pressure of 2 
tonnes is applied in order to make such a pellet. Liquid standards were pipetted on 
filter paper placed in the irradiation capsule.
3.5. The background spectrum in the cyclic activation system
The bac%round in the CAS facility upon sample activation is divided mainly 
into two components. The first component is the background from the reactor itself 
as activation of elements comprising the reactor vessel take place. The gamma-rays 
and their emitters are shown in the background spectrum of the reactor, figure 3.10a.
The second background component is generated from the induced activity in the 
polyethylene container material. Figure 3.10b shows the gamma-ray lines and the 
emitters of the activity induced in the capsule material. The effect of the back­
ground on the nuclear measurements is fairly small as the total background counts 
are constant and reproducible.
Aluminium determination is not reliable as the capsule material contains 
aluminium plus aluminium introduced by contamination of the irradiation capsule 
during its transfer to and from the reactor core in the aluminium flight tube. Other 
peaks are also encountered such as the 74 and 84 keV characteristic lead X-rays from 
interactions with the detector’s lead shield, also the Zn-65 gamma line at 1115 keV, 
an activation product introduced to the irradiation tube by accidental contamination.
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3.6. Gamma-ray spectrum analysis in INAA
The gamma-ray spectra, obtained by the GeCLi) detectors used in this work 
were analysed by the modified SAMPO spectral analysis program. It is a Fortran IV 
computer program written originally by Routti in 1969 to be used for spectra 
obtained by GeCLi) detectors, [Rou 69a]. The program operation is described in detail 
by Routti and Prussin [Rou 69b]. The SAMPO program has been Implemented and 
modified on the University of Surrey PRIME mainframe computer and used in this 
work as the main program for spectrum analysis.
The use of SAMPO for spectra obtained by cyclic activation analysis, mentioned 
previously, requires a considerably large memory space on the mainframe computer. 
The data handling and processing of the cyclic activation work is described in detail 
by Al-Mugrabi and Spyrou [Al-M 88], however additions were added to the 
SAMPO-chaining program for full automation. The dead-time correction took place 
on-line as the spectrum was being processed. The counts in each channel of the spec­
trum  were multiplied by the ratio of real/live time. Obtaining elemental concentra­
tions was performed by a computer program written in Basic (specifically for this 
work) and run on a microcomputer .
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HUMAN LUNG ANALYSIS
4.1. Introduction
Research on trace element composition of human lung over the past two decades 
has been very thorough and comprehensive. Lung tissue in reference man was found 
to be made up of H (9.9%), N (2.8%), O (74%), C (10%), P (0.078%), S (0.22%), Ca 
(0.0087%), Cl (0.26%), Fe (0.036%), K (0.19%), Mg (0.007%) and Na (0.18%) [ICR 
75]. However, for some elements, such as Ce, Cl, F,Hf and Sc, the literature did not 
produce sufficient data in order that a base line for the concentration range of the 
above elements in the lung tissue could be drawn [Van 86].
As part of a collaboration project between the Department of Physics, Univer­
sity of Surrey, and the Commission of European Communities, Joint Research Centre 
at Ispra, Italy , a study of the elemental composition of the lung tissue of normal 
individuals was set-up. The elemental concentration of Al, Au, Br, Ca, Ce, Cl, Co, 
Cr, Cs, F, Fe, Hf, K, Mg, Mn, Na, O, Rb, Sb, Sc, Se, V and Zn in 15 samples was 
determined using instrumental neutron activation analysis (INAA). Three modes of 
activation, in the four reactor irradiation systems at the ICRC were employed. These 
activation modes were prompt gamma neutron activation analysis (PGNAA), cyclic 
neutron activation analysis (CNAA) and conventional neutron activation analysis as 
mentioned in the previous chapter. In addition, proton induced X-ray emission 
analysis (PIXE), using a proton beam emerging from the University of Surrey 2MV 
Van de Graaflf accelerator of 1 mm diameter, was employed and further elements 
were identified in the lung tissue; Ge, Ni, P and Ti. Detection of the X-ray spectra
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was performed using a high resolution Si(Li) semiconductor. In this case PIXE was 
used as a complementary technique to INAA.
4.2. Background and sources of trace elements in lung
The respiratory system is a mechanism for moving oxygen from the air to the 
lungs and then into the blood and for removing carbon dioxide out of the blood. The 
lungs are the organs in which external respiration takes place through the extremely 
thin and delicate lung tissues. The two lungs reside in the thoracic cavity side by 
side and are connected to the trachea by two bronchi. Each bronchus enters the lung 
and subdivide to bronchioles. The smallest bronchioles are connœted to air sacks 
known as alveoli where the gas exchange takes place [For 85]. There are millions of 
alveoli in the human lung; these form a surfaœ of contact with gases of 60 square 
meters [Mem 87]. Every day, between 10 and 15 of air enter the lungs [Bio 68]. 
The gas exchange between the alveoli and the blood is vital to health as toxic sub­
stances which enter the lungs by inspiration can be transferred to the blood. Toxic 
gases or highly soluble particles will therefore be introduced into the blood. The 
determination of lung function is a direct or indirect consequence of physical and 
physiological changes in the lung cells, caused by the contact of Inhaled particles 
with these cells. Cell damage is proportional to the exposure to these particles of 
gases. Miners and persons working in air polluted areas are considered as the critical 
group. The most common effects are anthracosis, which is caused by coal dust, sil­
icosis and asbestosis which are caused by exposure to silicates and asbestos, respec­
tively [Van 86], Several environmental studies showed that particle inhalation can 
cause severe illness and can be vital in some cases. Brune et al. [Bru 78] investigated 
the accumulation of heavy metals in tissues of industrially exposed workers, who 
worked in a heavy metal refinery and found that the lungs of the deceased workers
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contained high levels of As, An, Cd, Co, Cr, Hg, La, Mn, Pb and Sb. Another study 
by Brune et al. [Bru 72] on diseases caused by hard metal dust found that high W 
levels were observed in lungs of people suffering from pneumoconiosis. He also 
found out that lung fibrosis is probably caused by inhaling hard metal dust. People 
exposed to smoke released during the production of nodular cast iron were studied 
by Dams et al. [Dam 72 a] who noticed a decrease of their vital capacity after inhaling 
the smoke. Donev et al. [Don 78] studied the effect of lung composition on endemic 
nephropathy. He found that people w ith endemic nephropathy have high concentra­
tions of Br and low concentrations of Cr, Fe and Cd. Boron was reported by Watkin 
(1983) to be not essential to life and highly toxic if its ingestion by or exposure of 
human beings is excessive [Wat 83]. Tabershaw et al. [Tab 77] have reported that 
workers involved in the manufacture of boric acid have been reported to
exhibit some atrophic changes in the respiratory mucous membranes, weakness, and 
joint pains as a result of boron intoxication. Poisonous gases escaping from heaters 
were found to be a common cause of death nowadays [Mem 87]. Therefore, the need 
for establishing accurate concentrations of elements in normal lung in order to draw 
a base line for a normal range of values of healthy lung tissue is still genuine.
4.3. Sample Collection
Human lung samples (20) were obtained from the Commission of European 
Communities, Joint Research Centre at Ispra Italy. Samples were collected from the 
internal bulk tissue of the lung. However, information about which lung was sam­
pled was not available to us. Sample collection was performed during autopsy of 
non smoking subjects, aged more than fifty years, deceased from non pathological 
causes, who were reported as not having been exposed to contaminating elements 
during their life time. In order to minimize inconsistencies arising from the
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differences in area composition , the sampled subjects were chosen from the same 
urban area (Rome). The lungs upon removal were placed on a tefion surface in a 
clean, dust-free environment. Samples weighing between 0.2-0.6g (wet weight) were 
collected not later than 15 hours after death in order to minimize the redistribution 
of elements in the organ caused by fluid movements after death. The instruments 
used for sample collection were coated by titanium-nitride to minimize the contami­
nation which may be introduced by the cutting tool [Pie 86]. The samples were then
oplaced in clean vials which were sealed and stored at -20 C.
The samples analysed in this study were frozen at -80*^C for 24 hour and then 
lyophilised for 48 hours. They were then kept in sealed polyethylene vials.
As a matter of interest 18 samples were also collected from a pig’s lungs in 
order to compare the concentrations of some elements in the pig’s lung with those of 
humans despite all the differences, especially in the environments and the mobility of 
the pigs and the humans. The pig’s lung samples weighing between 12 and 490 mg 
(wet weight) were collected using a stainless steel- coated brass hole punch. No 
freeze drying of these samples was applied. Two reference materials were prepared 
in pellet form, IAEA-A-13 Animal Blood and Bowen’s kale weighing between 100 
and 200 mg respectively.
4.4. INAA of lung samples
The neutron activation experiments of the lung samples were performed in the 
four different irradiation facilities of the reactor; the prompt activation system (PAS) 
for on-line irradiation and counting, the cyclic activation system (CAS) for detection 
of short-lived nuclides, the in-core activation system (ICIS) and the core tube irradi­
ation facility (CT) for long-lived nuclides.
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The lung samples were not subjected to any treatment before irradiation. How­
ever, sample irradiation capsules were replaced appropriately, according to the irradi­
ation system employed.
4.4.1. Prompt gamma-ray neutron activation analysis (PGNAA) of the lung tis­
sue
In this experiment the prompt activation system was used, comprising a Comp­
ton suppression facility as described in chapter 3. It has been reported by Calabrese, 
[Cal 80], that boron compounds were involved in a variety of functions, including 
fireproohng agents for textiles, weatherproofing agents for wool, preservatives, and 
antiseptics. In addition, it is employed in the manufacture of glass, pottery, enamels, 
glazes, artificial gems, and in tanning, printing, dyeing, painting and photography. 
Moreover, it is a constituent of powders, ointments, nickeling baths, electric con­
densers and is used in impregnation and hardening steel [Cla 80]. Therefore excessive 
exposure of any of the subjects to boron compounds via a boron-related occupation 
was likely.
The aim of this method was to determine the boron concentrations in the lung tissue 
as other analytical techniques such as AAS and XRF, were not reported to have been 
employed for boron determination in lung tissue [lye 78, Van 86].
Three human lung samples were investigated using this method. The reference 
material used was a pellet of Bowen’s kale. Each of the samples was placed on the 
sample holder, aligned with the centre of the horizontal neutron beam. The neutron 
beam was then turned on and the sample was irradiated and counted for 5000 
seconds using a Ge(Li) detector in anticoincidence with the Compton suppression sys­
tem. The spectrum was recorded on an Ortec multichannel analyser (1024 channels)
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and then transferred on a BBC-B microcomputer, where from the spectrum was 
transferred to the mainframe computer at the University. The gamma-ray spectrum 
obtained by PGNAA was very complex as it consisted of both prompt and delayed 
gamma-ray peaks as well as intense gamma peaks reaching the detector from the 
reactor background. Contributing to the background peaks was the germanium peak 
resulting from scattered neutron bombardment of the Ge(Li) crystal. The gamma- 
ray energies were identified using the tables of prompt gamma-rays for thermal neu­
tron capture compiled by Lone et al. [Lon 81]. No gamma lines, resulting from 
boron activation appeared in any of the spectra of the samples and the reference 
material, probably because of the high noise of the matrix. The elements detected in 
the sample spectra by PGNAA are presented along with the possible interfering iso­
topes in table 4.1. However, there are high uncertainties regarding the identification 
of the energy peaks presented in table 4.1 due to the possible overlapping of the 
identified peaks with others emitted by different Isotopes. Consulting the literature, 
most of the interfering isotopes were found to have been emitted from elements 
which were expected to be present in the lung tissue. Therefore, it was decided that 
since boron the main cause for this experiment was not detected, making any quanti­
tative measurements with the existing uncertainties will be unreliable and erroneous.
4.4.2. Cyclic neutron activation analysis (CNAA) of lung tissue
Twelve lung tissue samples were placed in the CAS irradiation capsules to be 
analysed. The reference materials used for this experiment were a 200 mg sample of 
IAEA-A-13 reference material and a 100 mg sample of Bowen’s kale. The samples 
were subjected to two different irradiation conditions optimised by a computer pro­
gram to provide the best signal to noise ratios for the detection of ^ * S e ( r i =  17.5s)T
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Most probable Isotope Possible contributions
Energy Isotope Abundanc Energy Isotope Abundance
(keV) (%) (keV) (%)
133.6 I 8.40 130.2 Cs 7.40
156.5 I 0.59 157.7 As 2.37
175.1 Ge 11.40 174.3 Cs 1.71
176.4 Cs 10.30
197.4 0 97.00 198.3 Cs 3.00
195.6 Br 6.35
218.3 Cs 1.14 224.4 As 1.57
219.7 Cs 1.31
248.9 Al 6.89 545.7 Br 11.41
252.1 Al 5.65 54.9 Cs 2.30
247.8 Au 5.74
250.9 P 2.71
251.9 Sn 1.84
253.1 N 4.60
253.5 Ge 4.55
264.0 As 1.35 261.0 Au 5.75
294.4 Ge 1.24 301.0 I 1,34
298.1 Br 1.64
291.6 Au 1.75
326.3 Ge 4.98 325.3 P 1.42
326.0 N 2.98
345.0 Br 1.67 343.9 Cu 5.46
369.1 N 1.14
385.3 In 1.90 389.1 Br 0.18
381.7 Au 4.00
420.0 I 1.19 417.2 In 7.21
419.5 V 4.06
442.9 I 4.38 439.8 N a(n/l )
440.6 Au 2.58
472.4 Na 59.80 471.9 As 3.59
472.4 P 1.99
473.3 N 2.21
473.5 In 1.50
575.3 Ge 1.33
596.4 Ge 33.10 595.2 P 3.92
596.8 Na 1.01
597.0 Au 1.66
597.1 Al 1.62
608.9 Ge 7.40 608.9 Cu 8.60
636.2 P 12.20
709.1 Ge 2.00 706.5 P 1.70
749.2 Cr 11.04
835.1 Cr 26.86 830.4 Al 1.72
868.4 Ge 14.79 896.0 P 2.02
872.7 Na 29.20
960.8 Ge 4.60
1100.7 Ge 6.90 1097.0 In 11.94
1138.6 Cu 1.16
1164.7 Cl 19.93 1162.6 Cl 1.30
1171.3 Sn 7.85
1201.8 Au 12.20 1201.4 As 1.45
1293.4 In 17.95 1293.3 Sn 12,76
1470.0 Ge 2.06 1471.4 Ge 1.28
1783.8 Cr 6.10 1777.8 V 5.10
Table 4.1 The energies detected and their probable isotopes obtained by PGNAA.
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and ( T i=  11s). For the best ‘^'^ ’”Se detection the conditions adopted were 19s y
irradiation, 2s decay, 19s counting, 2s delay and repeated for 7 cycles. Whereas for 
2°F the conditions were 10s irradiation, 2s decay, 10s counting, 2s delay, for 14 
cycles. Although the first case provided best results for Se, many other longer and 
shorter lived isotopes of different elements were also detected. The case was similar 
for the second set of parameters, however there were small variations in the signal to 
noise ratio when detecting other isotopes. The elemental concentrations of Br, Cl, F, 
Mg, Mn, Na, O, Rb, Sc and Se were determined by CNAA and presented in table 4.2. 
Other elements were also detected by CNAA (Al, Ca, Hf, K, Sb, and V) but their 
concentrations were calculated after the samples had undergone one-shot conven­
tional analysis in order to improve the signal noise ratio. Pig’s lung samples were also 
irradiated and counted under the cyclic activation conditions optimised for '^ '^ ""Se. 
The elements detected in the pig’s lung samples were Br, Cl, F, Mg, Na and Se, and 
their concentrations, except for F, were determined, compared to those of humans 
and presented in table 4.3.
4.4.3. Conventional neutron activation (one-shot irradiation)
This method method was applied to the lung tissue samples in two different 
irradiation systems. The in-core irradiation system (ICIS) where the samples can be 
irradiated for a maximum time of up to 6 hours. The core tube irradiation facility 
(CT) were the samples can be irradiated for upto a few weeks according to the sam­
ple type and properties. The lung samples were irradiated in ICIS for 5 min then left 
to decay for 1 min while the sample was transferred into another container. Count­
ing of the samples was performed in two stages using a Ge(Li) detector. The first 
count was carried out, 1 min after irradiation, for 5 min after which the spectrum
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Element itt. no. of 
nmple/12
aveiege 
conc.jU g/g
CT Medlen Renge 
(this work)
Range
(Ittenture)
(1778) ICIS 12 S4 34 55 1-176 1-50
(412) c r ( 2) 7 48 24 30 20-88 0.04< 10
®^Br(612) 6 6.2 2.0 6.8 3.3-9.8 0.4-23.8
®^Br(«17) b 6 8.4 2.1 9.0 5.4-11.4
®^Br(208) b 11 7.0 3.9 6.0 0.4-23.8 3.2-11.0
49^^C»(3084) ICIS 7 239 73 224 152-404 50-300
^'*^Ce(i4S) CT(4) 9 0.012 0.03 0.1 0.06-0.16 0.0063-0.350
^®C1(21<57) 12 2600 290 2600 260-3160 62-2200
^®a(21<57) b 12 2420 290 2500 2040-2720
^®Co(1173) C I(4) 12 0.014 0.008 0.012 0.005-0.025 0.002-0.1
^^Cï(320) CX(3) 12 0.2SS 0.117 0.279 0.059-0.41 0.002-0.5
^^‘*Cs(tfOS) CT(4) 12 O.OSS 0.040 0.043 0.006-0.120 0.003-0.3
^ ° F " ( 1 6 3 3 ) b 6 0.62 031 0.56 0.16-1.1 0.04-3.5
^*Fe(1098) CT(3) 12 138.7 SO 139.2 68.8-198.3 109-748
^^^HI(344) CT(4) 2 0.0040 0.00035 0.0037-0.0044
‘*^K(1S24) CT(2) 6 143S 378 1440 867-2034 500-2000
‘^ ^K(1S24) ICIS 3 460 80 460 370-550
^^Mg(1014) b 2 440 20 420-455 20-250
^^Mn(1811) b 2 2.41 0.42 + 1.99-2.8 <0.04-20
^^Na(1368) 12 2S40 700 2220 1960-4700 1000-3000
^'^NedSôS) O ld ) 12 1980 320 1970 1420-2580
^^0(197) • 12 93000 24000 103000 68000-141000
^^Rb(1076) b 7 7.39 4.32 5.86 4.23-14.58 0.5-10
*^Rb(1076) CT(3) 12 6.10 3.63 5.15 1.84-12.99
^^'*SK603) CT(4) 6 0.03 S 0.02 0.0345 0.009-0.072 0.002-0.1
Sc(142.5) b 8 0.00 S 0.0018 0.0045 0.0036-0.0093 0.0001-0.03
^ ^ ’"S e d d D 12 0.11 0.05 0.088 0.05-0.24 0.05-0.5
Se(161) b 12 0.10 0.04 0.09 0.05-0.21
^^Se(264) CT(4) 12 0.08 0.05 0.06 0.024-0.19
^^^Sm(104) CT(1) 6 0.02 0.009 0.02 0.0005-0.027
^^V(1433) ICIS 3 0.0045 0.0016 0.0052 0.029-0.0055 O.OOSS-O.S
^ ^ Z n d llS ) CT<4) 12 8.8 1.8 9.5 5.7-11.0 1-30
*= ^®Si(n,p) and ^^P(n,a)^®Al interferences were not corrected for,
**= measured by absolute method. 
a= ti=tc=l9s,tw=2s,N=7 
b= ti=tc=10s,tw=2,N=14
Table 4.2 Elemental concentrations in lung samples using Instrumental neutron activation 
analysis.
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Element
concentration injug/g 
Pig’s Lung Human Lungs
Br 9.5 ±0.7 6.2 ± 2.0
Cl 1250 ±240 2420 ±290Mg 418±40 440 ±20K 0.860± 0.044 0.46 ±0.08Se 0.381 ±0.225 0.10±0.04Na 2680 ±220 1980 ±320
Table 4.3 Comparison between concentrations of the elements measured in 
the pig’s lung using CNAA and those found in human lungs.
was recorded on the computer (ND 66003 from the ADC. This count allows the 
short lived isotopes with half lives typically between one and ten minutes such as 
Al, Ca and V to be detected efficiently. A second count of 5 min takes place 1 min 
after the end of the first count to allow the detection of the longer lived isotopes 
such as K and Na with better signal to noise ratio, after the shorter lived isotopes 
have partially decayed. The elemental concentrations of Al, Ca and V were deter­
mined by ICIS irradiation. Detection of Al was the major reasons for applying ICIS 
analysis as the Al background in CAS due to the Al contamination of the irradiation 
capsules caused by the CAS Al tube. Also, Ca and V showed better signal to noise 
ratios than those obtained by CAS irradiation. Concentrations of the Al, Ca and V 
are also shown in table 4.2.
Activation of the long lived nuclides in the lung tissue was performed in the 
reactor’s core tube irradiation facility, where the human lung samples were irradiated 
for 112 hours averaging 6.2 hours per day. After irradiation the samples were 
allowed to decay for 2 days to allow the short-lived activity to disintegrate. Count­
ing the samples was performed in four different stages, each stage took place after
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allowing the sample to decay for a period of time. The first count was applied 2 
days after irradiation. Each sample was counted for half an hour as were the refer­
ence materials (Bowen’s kale) . Corrections were made for the decay of samples and 
reference materials before the concentrations were calculated. The elemental concen­
trations of Na in the lung tissue samples were assessed after the first count. The 
second count was performed three days after irradiation and lasted for 1 hour per 
sample, and the concentrations of K were evaluated. The third count was carried out 
a week from the end of the second count, the counting time was 3 hours per sample, 
and the Cr, Fe and Rb concentrations were calculated. The last count was executed a 
month after the third count. Each sample was counted for 6 hours and the concen­
trations of Au, Ce, Co, Cs, Hf, Sb, Se ( "^ S^e) and Zn were assessed. Results from all 
the INAA experiments are presented in table 4.2 and compared with the values of 
elemental concentrations in the lung tissue compiled from papers dated up to 1986 
and tabulated by Vanoeteren et al. [Van 86]. The values of V were calculated using 
the absolute method as the V in the reference material was not detected. In the 
determination of Al concentrations interferences from the fast neutron reactions of 
®^Si (n,p) ®^A1 and ^^P(n ,a)^^Al were not taken into account. This problem could 
have been solved if the ICIS facility had a Cd sleeve around the irradiation tube and 
hence the Al produced by the fast reaction can be assessed. The values of fluorine 
concentrations were determined by the absolute method taking into account the ^^Na( 
n , a)  ®^F interfering reaction contribution to the F peak. The cyclic activation equa­
tion, (2.13), was applied for the fluorine measurements with some alterations to 
accommodate the neutron epithermal and fast neutron cross-sections and fluxes ie:
"2 ^ r t h ^ t h  ^e /)i-f o)"!* y  /  CT/
" _  xr (1 -e  "kr)( l- e -x r )  ( l - g - i r ) : (4.1)
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where mp is the mass of F, mua is the mass of Na.
The An concentrations were calculated from the CT irradiation by the absolute 
method accounting for the activation which is followed by the subsequent decay of 
the sample when the reactor was operating or shut down for a number of days, 
while the samples were in the reactor core. The modified neutron activation equa­
tion, (2.12), for evaluating the mass of the activated element becomes :
m = D A \ - 1
where L is the number of irradiation intervals.
This equation was calculated using a BASIC computer program. However, the Au 
values were found to be too high when compared to literature. The results of all 
concentration values obtained by neutron activation analysis are summarized in table 
4.2 . .
4,5. PIXE of lung tissue
When a sample is bombarded with protons, atomic electrons are ejected from 
their shells, The electron cascade that follows will result in the emission of charac­
teristic X-rays, as explained in previous chapters. This method of analysis was 
applied, as a complementary method to INAA, in order to study its capability for 
obtaining detailed spatial information about the elemental composition of the lung 
tissue and to investigate the feasibility of assessing its homogeneity.
4.5.1. Sample preparation for PIXE
One sample was studied by PIXE. The sample was of the same description as 
those analysed by NAA. It was cut in to four pieces using a stainless steel scalpel.
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Three of the four cuttings were pressed to form solid pellets of 7mm diameter and 
about 1mm thick and the fourth cutting was left as it was. The samples were 
mounted , using a double sided sellotape, on the aluminium target holder which had 
been washed in methanol and deionized water. Using a carbon arc, the samples were 
been coated with a, 50-150 Â thick, layer of carbon. A touch of Aquadag was 
applied on the carbon coating in order to electrically connect the samples to the 
aluminium plate and thus allow current integration to take place. In between the 
samples a stack of small glass slices were placed to a comparative height to the sam­
ples to aid the location and the focusing of the proton beam. Figure 4.1 illustrates 
the sample arrangement on the sample mounting plate. The sample mounting plate 
was then placed in the sample chamber of the system, ready for the experiment.
4.5.2. Sample irradiation and detection
The pressure in the sample chamber was reduced to 2x 10“  ^mbar, (the operating 
pressure), as advised by the system manual. The proton beam from the University 
of Surrey 2MV Van de Graaff accelerator, was directed down the beam line and 
focussed onto the object aperture by a switching magnet. As the proton beam leaves 
the object aperture heading towards the sample it diverges. This diversion is over­
come by using a quadrupole magnet arrangement, through which the beam passes, 
resulting with the beam focusing onto the sample plane in forming an ion probe of 
the required diameter. In this study two proton beam diameters were employed, a 
broad beam of 1 mm diameter, for multi elemental composition determination, and a 
microbeam of 10 i^tm diameter for acquiring spatial information about a composite 
element and its distribution (homogeneity).
The detection of the characteristic X-rays was carried out using a semi­
conductor detector, Si(Li), with energy resolution of 150 eV for 5 keV X-rays. The
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Fig.4.1 Schematic diagram of the lung samples arrangement on the sample holder for 
PIXE. A plan view (above) and a side elevation (below).
pulses from the detector were analysed on an Apple II PC/MCA.
4.5.3. Results of PIXE
A broad beam of protons was focussed to 1 mm in diameter, on each of the 
samples. The X-ray spectrum of each sample was collected for 15 min. For each 
sample the proton beam was positioned on four different spots and a spectrum was 
acquired for each position. The collected X-ray spectra were analysed for elemental 
composition. The energy identification of the characteristic X-rays was carried out
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using X-ray tables [Kay 86]. The elements identified together with the characteristic 
X-ray lines and energies from all the measurements taken for every part of the origi­
nal lung sample are listed in table 4.4. The table shows that all the X-ray lines 
observed are K^t liues except those of Cr and Fe at 5.95 and 7.06 keV where X-  
rays were also emitted. No quantitative measurements of the elements detected were 
carried out as no reference material was used because of the differences in the stop­
ping powers of protons in the various matrices.
Energy
(keV)
Isotope X-ray
Line
2.014 P Ka
2.308 S Ka
2.622 Cl K a
3.314 K K a
3.692 Ca K a
4.090 Sc K a
4.511 Ti K a
5.415 Cr Ka
5.947 Cr Kj8
6.404 Fe Ka
7.058 Fe Kj37.478 Ni Ka
8.048 Cu Ka
8.639 Zn K a
9.887 Ge Ka
11.924 Br Ka
13.396 Rb Ka
14.962 Rb Ka
Table 4.4 The elements observed using PIXE.
Proton scanning was performed on one of the four portions of the sample.
A proton scanning beam of 10 fim  was focussed on the sample with a 10 ^m  dis­
placement across the width of the sample. The proton irradiation of the sample was 
carried out for 2s at each step for 256 steps and the X-ray spectra were collected.
As the spectra were summed up and averaged, X-rays from the atoms of Br, Ca, Cl,
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Cu, Fe, Ge, K, Ni, P, Rb, S, Sc, Ti and Zn were observed.
The fact that there were restrictions on the time allocated for the accelerator 
experiments beside the length of time required to get a statistically significant signal 
for a particular X-ray energy, micro-beam PIXE could not be applied for obtaining 
multielemental spatial variation measurements and for testing homogeneity. How­
ever, from the qualitative data obtained , it can be concluded that obtaining informa­
tion about the spatial distribution of a particular element in a solid matrix is feasi­
ble. By restricting the detector to cover an energy window around the energy of the 
X-ray of interest, and by allowing sufficient counting time, better statistics can be 
obtained. Therefore the distribution of a single element in the matrix can be meas­
ured and thus testing for homogeneity of elemental distribution possible.
4.6. Discussion
The application of PGNAA can be useful for B and Cd evaluation in the lung 
samples if larger samples were obtained and pre-irradiation chemical separation was 
applied. The photopeak overlapping problem, encountered in PGNAA in this work, 
can be reduced by using a 4 K or even 8 K multichannel analyser. Nevertheless, 
untreated lung samples proved unsuitable for PGNAA because of their complex com­
position and hence the high noise from the long-lived nuclides.
CNAA was found to be a suitable method for obtaining multi-elemental compo­
sitions and concentrations. Elements such as Br, Cl, Mg, Na, O, Rb, Sc and Se were 
found to be easily detected and evaluated in a short experimental time by CNAA. 
However, the detector background problem reduced the signal to noise ratio of most 
energy peaks and hence affected negatively the detection limits.
Conventional activation analysis, as performed on ICIS or the CT system has
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high accuracy in the determination of the elemental composition. The disadvantages 
of ICIS and CT are due to the need of handling highly active materials when replac­
ing the active irradiation capsules by clean unirradiated ones and the requirement of 
counting the samples for different periods of time in order to aid the detection pro­
cess of the long lived nuclides, makes this method time consuming.
The PIXE methods of broad beam and micro beam proved to be useful as far as 
the elemental composition (qualitative) was concerned. The methods allowed the 
detection of Ge, Ni, P and Ti where INAA failed to detect these elements efficiently. 
Quantitative measurements using PIXE with a comparator are considered difficult as 
the comparators should have similar stopping powers as those of the samples.
Micro-beam PIXE can be useful in obtaining information about the distribution 
of the different elements of interest in a sample and therefore its homogeneity can be 
investigated.
The difficulties regarding sample preparation, which may result in the contami­
nation of the sample, and beam focusing make microbeam PIXE a complicated, 
expensive and time consuming method.
The elemental concentration in the pig’s lung samples determined by CAS were 
found to be similar to those of humans. Therefore, pig’s lungs may be considered a 
good comparator for human lungs, although more studies are required to draw a 
definite conclusion.
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CHAPTERS
FINGERNAIL ANALYSIS
5.1. Introduction
Nail analysis has been a subject of interest during the last two decades because 
of the ease regarding the collection, storage, preparation, and handling of the 
material. Great public interest in the use of vitamine and mineral supplements 
requires the availability of a kind of monitoring in order to ensure that no toxicity 
arises from using these supplements over a long period of time. Human nail has also 
been suggested as a good forensic tissue provided it reflects a picture of the intake of 
the different elements of interest. The degree to which nail stores the different ele­
ments usually depends upon the actual supply of these elements at the time of nail 
growth. The presence of 42 elements in normal nail [lye 78] implies that nail can be 
a suitable candidate for essential and trace element monitoring.
In this chapter the supplementation of Se and Zn and their excretion through 
fingernails were investigated. In addition the finger to finger and hand to hand con­
centration variations in fingernails were explored, and new values of concentration of 
elements which have not been evaluated thoroughly were assessed in order to estab­
lish ranges for their concentrations.
5.2. Formation and growth of nail
The nail material is a fibrous structural protein known as keratin, which is 
arranged as polypeptide chains in parallel sheets held together by hydrogen bonding. 
Cystine is one of the aminoacids which represent as much as 24% of keratin and 
forms disulphide bonds to maintain the great stability of the keratin which is
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completely insoluble in hot or cold water and not attached by proteolytic enzymes. 
The length of the keratin fibre depends on its water content. For complete hydra­
tion, approximately 16% water, its length increases by 10-12 %.
The fingernails are firmly adherent to the part of the dermis which extends from 
the Innnle to the hyponychium, and is known as the nail bed, Figure 5.1.
lateral nail fold free edge of nail
cuticle
lunyle
d i s t a l
groove
nail root
Fig.5.1 A schematic diagram of a fingernail.
The hyponychium is the first area of the nail to be keratinized in embryonic 
time, also it is the common site of nail disease, and it extends from the nail bed to 
the distal groove. The stratum corneum is represented only by the thin layer of 
cuticle at the base of the nail which tends to overlap the lunule and provides a sur­
face over which the growing nail glides. The nail plate consists of dead keratinized 
cells produced by the matrix cells after losing their nuclei, flatten, keratinize, and 
then add up to the already formed solid nail plate [Fit 71]. Table 5.1 describes in
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simple terms the formation of fingemail.
Tissue Keratin End Product Epidermal Cell Activity
matrix nail plate very active
nail bed few keratin cells added to underside of 
nail plate as it 
glides distally
very active
proximal nail fold 
and dorsum of 
digit epidermis
cuticle active
hyponychium and 
volar skin epidermis
few keratin cells 
added to underside of
active
Table 5.1 Formation of Nail Organ by Keratinization.
The average growth of fingernail is about 0.5 mm a week, and growth in sum­
mer is greater than in winter, [Wil 80, Roo 72]. Fingernails grow four times faster 
than toenails, and in the hand, nail growth is most rapid in the longest digit (the 
middle finger), slowest in the little finger and intermediate in the other digits.
5.3. Sources of trace elements in fingernails and fingernail metabolism
The concentration of trace elements in fingernails was found to be related 
directly to those in blood [Bea 63, Kan 68]. In addition the low metabolic turnover in 
the nails allow the minerals to be retained for prolonged periods which in turn pro­
vide information about their accumulation [Sco 78].
Findings of analytical studies on fingernails showed how the levels of trace- 
element intake can be affected by the environment, sex and age. For instance, Zn, Cu 
and Pb concentrations in fingemail were found to be high in people who work in 
welding, moulding and soldering respectively [Bis 84], in addition Hg, Fe, Cu and Br 
concentrations were reported to be higher in some populations than others [0 th  80,
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Bis 84]. Elements such as Br, Ca, Fe, K, Na, Sr and Zn enter the human body by diet 
[Ban 81, Bis 84], where others like gold (Au) were found to be present in high con­
centrations in the fingernail taken from the ring finger carrying a gold ring [Har 72, 
Sco 78]. On the other hand values of Na and K were reported to be higher in the 
fingernails of young female children than those in their male counterparts. Also Ca 
and Zn concentrations in fingernails were found to be higher in adult males than the 
females whose Mg levels were higher than those of males [Kan 68, Har 71, Har 72]. 
This indicates that the metabolic rates for the different elements vary with sex and 
age, and the effects of the excessive or low values of these elements will therefore 
occur respectively.
Studies on the effect of disease on the levels of specific elements in fingernails 
established strong relations between disease and the abundance and deficiency of 
these elements, which suggest that fingernails can be a suitable diagnostic, non- 
invasive biopsy material for trace element analysis [Bea 68, Ban 81].
With relation to disease it has been reported that people w ith cystic fibrosis 
have high levels Cl, Cu, Mg, Mn, Na and K in their fingernails where the Zn values 
were reported to be at a very low level [Kan 68, Fit 71, Joh 71, Fit 72, Van 75] . In 
the case of Hepatolenticular Degeneration (Wilson’s disease) Cu concentrations in nail 
were found to be significantly higher than normal values , and hence Cu can be use­
ful in the diagnosis of Wilson’s disease [Mar 64]. This has been disputed by Fell et 
al. [Fel 68] and Rice et al. [Ric 61] who argue that Cu levels in fingernails are not 
indicative of Wilson’s disease. The study of nails of the children with Kwashiorkor 
showed increased levels of Na and Ca and decreased levels of Mg [Leo 68]. Ca was 
studied in fingernails and found to be in lower concentrations in malnourished chil­
dren than in healthy children [Rob 74]. Zinc was also investigated and found to be
Fingernail Analysis
-  64 - Chapter 5
deficient in people who have white spots in their fingernails [Soh 76].
The previous studies indicated that fingernail clippings may be a suitable biolog­
ical monitor. However, the inter element relation between the different elements in 
the nail is still unclear. Moreover, information about nail to nail variations in the 
elemental content is not available.
5.4. Selenium supplementation
Selenium is one of the elements that plays an essential role in the state of 
human health. However, it can be very toxic if it is present in high concentrations 
[Smi 41]. Se can be ingested, inhaled, or absorbed through the skin, and it is found 
that in areas where the Se level of soil and plant life is high, grazing animals have 
suffered acute toxic effects known as ’blind staggers’, which result in motor paralysis 
and impaired vision [Ros 64, Fit 71], Another effect of Se poisoning was reported in 
a family that all suffered alopecia, abnormal nails and lassitude resulted from using 
well-water containing 9ppm of Se [All 67].
Previous investigations revealed that Se has considerable effect on the nutritional 
values of vitamines and minerals which directly affect our efficiency. Children 
suffering from protein calorie malnutrition were found to have low levels of Se in 
their blood [Bur 67]. Several studies reported a strong correlation between Se 
deficiency and specific cancers which leads to the assumption that Se may provide 
protection against these cancers if it is available in sufficient amounts [Sha 76, Jan 81, 
Sal 85].
Se reaches the human body normally by diet which represents the main means 
of Se intake. Alternatively it can reach the body by supplementation which can be 
administered either orally or by injection. Se tablets are readily available in the
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market which together with the ease of its introduction into the body becomes the 
preferred way of artificial intake.
The study of Se concentration has been performed extensively on the blood as 
whole blood, erythrocytes and plasma [Bur 67, Jan 81, Aka 87, Dam 87], However 
the excretion rate of Se has not been investigated as such in other human tissues 
which are readily available, safe in handling and easily stored, such as hair and nail.
Se concentrations in nail have not been explored in such a way that a range of 
the excretion rate of Se is established. Infact the two investigations on Se concentra­
tions in nail suggested two average values of Se in healthy adults, these values were 
1.14 ppm for an unspecified number of samples using neutron activation analysis, 
and 8ppm for nine samples using mass spectrometry [lye 78]. A third average value 
of 1.28 ± 0.34 ppm from 51 Bangladeshi adults using proton induced X-ray emis­
sion was presented by Biswas et al. [Bis 84], which suggest a ’normal’ range of 0.94-8 
ppm for the element. However information on supplementation and excretion of Se 
and hand to hand variation in fingernail contents is not available in the literature at 
present.
5.5. Sampling
Fingernail clippings were collected from two healthy adults aged forty five and 
twenty eight years old. The first subject, A, was on Se and Zn supplementation. Se 
and Zn tablets were taken by the subject on a daily basis for a period of two 
months, after which the Se supplementation was stopped for a month while the Zn 
was continued. Then the Se and Zn were given over a period of three months. The 
daily amount for the Se supplementation was taken from the Se-Ace package, in the 
form of pills of Se yeast, each containing a lOO^g of Se and given as one pill per day. 
The Zn supplementation of 5 mg per tablet was given also on a daily basis from the
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Healthcrafts Zn supplement. Samples of separate fingernails were collected before, 
during and after supplementation over a period of six months using a pair of stain­
less steel scissors. The second subject, B, was not given any supplementation and the 
fingernail clippings were collected in the same way over a similar length of time as 
for subject A. Samples were then wrapped in tissue paper and placed in a 
polyethylene bag labeled with details of the fingernails and their dates.
5.6. Preparation of fingernail samples
The preparation of nail samples for CNAA was not an easy task as there was no 
standard procedure for cleaning and treatment. The disadvantage of nail as a tissue 
for analysis is due to the fact that nails are always exposed to a cycle of cleansing 
and contamination in daily life. Therefore the importance of preparation lies mainly 
in the procedure of surface decontamination. Two different cleaning methods were 
performed in a clean room environment.
The first method was applied by soaking each fingernail separately in a solution 
of Decon-90 , diluted to 50% in deionized water and placed in a 2ml polyethylene 
container for five minutes. Then each fingernail was placed in a plastic tray, held 
with a tweezer and underwent mechanical brushing for one minute using a small 
plastic tooth brush to remove the heavy greasy deposits. This was followed by rins­
ing twice in deionized water for one minute each time to remove the residues from 
the detergent. The samples were then left to dry at room temperature in a laminar 
flow hood for twenty four hours. The samples were weighed and placed in the irra­
diation capsules ready for analysis. However, the disadvantage of this method lies in 
the fact that when the sample was soaked in the Decon-90 solution and hydrated, it 
was found to have retained high levels of Na and K which diffused into the tissue 
from the detergent even though the sample had later been soaked in deionized water
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before drying. But no leaching out of other elements was evident. Therefore, this 
method of sample cleaning is not suitable for investigating Na and K variations.
The other method used did not involve the use of any detergent. Instead, the 
sample is soaked for fifteen minutes in a two millilitre polyethylene container filled 
with deionized water followed by the mechanical brushing of each fingernail as men­
tioned previously. The sample is then rinsed in deionized water and followed by 
ultrasonic agitation for 10 minutes in an ultrasonic bath. Then the sample is removed 
and left to dry for 24 hours in the laminar flow hood after which the samples were 
weighed and placed in the irradiation capsules. This method was found to be more 
suitable than the previous one, however, the disadvantage of this method lies in the 
length of time needed to prepare each sample.
5.7. Standardisation and sample irradiation and counting
The reference material used for the nail analysis was Bowen’s kale. Its multiele- 
mental concentrations, besides the good separation between the gamma-ray lines of 
the different short and long lived isotopes produced on irradiation, makes it a suit­
able and a convenient reference material. However, the disadvantage of using it is due 
to the fact that when it is pelletised, the problem of geometry arises because of the 
difference in thickness between the fingernail and the reference material which is 
expected to be much thicker than the fingernail samples. For this reason, Bowen’s 
kale samples were prepared in ten separate amounts of the material, weighing 
approximately 20 mg each. As for cyclic activation analysis the introduction of 
small pellets of such weight in the system results in their break-up due to the oscil­
lation between irradiation and counting position leaving the samples in loose form. 
On the other hand Bowen’s kale samples of the same mass as above proposed, were 
used for long irradiation in very thin pellet form; less than 1mm thick.
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The samples of fingernails along with the standards were first irradiated in the 
cyclic activation system and then subjected to long irradiations in the reactor core­
tubes.
5.7.1. CNAA of nail samples
In this mode of irradiation the fingernail samples taken from the Se supple­
mented subject, A, and from subject B were irradiated in the aluminum tube of the 
cyclic activation system (CAS), under the following conditions:
time of irradiation = 19s =ti 
time of decay = 2s ^
time of counting = 19s = 
time of delay -  Is = tw •
number of cycles = 7 = n
This mode of irradiation favours the short-lived isotopes such as ^®'"C1, ^^ "’Rb, 
Se, and also ®^ Br, Mg, ^^Mn, ^^ S and in addition to the longer-lived iso­
topes produced because of their high concentrations in biological materials i.e. '^‘Na 
and % 1. Each fingernail was irradiated separately and the spectrum for each cycle 
was recorded. Then the seven spectra for each sample were added to obtain a sum 
spectrum for the sample. The spectra for all the sub-samples of the reference 
material were added together and the concentrations of elements in every sample 
were determined using the comparator method.
5.7.2. Core tube irradiation
In this case the fingernail samples from subject A were taken for each hand and 
placed together in the core-tube irradiation capsules. The samples were then irradi­
ated for 67 hours in a thermal neutron flux of 1.28 xlO^^ n m~^ . On the other
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hand the samples from subject B were irradiated singly in the same neutron flux for 
73 hours along with Bowen’s kale standards. The samples in both cases were accom­
panied by zirconium wire stretching along the large irradiation capsule, to be used as 
a flux monitor. This mode of irradiation enabled the detection of the long-lived iso­
topes such as ^^^Au, '^*Na, *^Rb, ^^ ‘*Sb and ^^Zn.
5.7.3. Sample counting
The fingernail samples were allowed to decay for one day after the end of irra­
diation to allow the short-lived isotopes to decay, then the sample containers were 
changed and counted on a Ge(Li) detector initially for 20 minutes each, and the spec­
tra of the samples were recorded on the mainframe computer. A second count after 
the elapse of two days from the first count was then conducted to allow the detec­
tion of the long-lived isotopes with low intensity such as ^^Zn and ^^ '*Sb . The signal 
to noise ratio is enhanced after the decay of the intermediate long-lived isotopes. The 
standards were also counted in the same way and then the spectra from the samples 
and the standards were analysed using the SAMPO program and the values of ele­
mental concentrations were calculated.
5.8. Results and discussions
Values of elemental concentrations in fingernail clippings were calculated with 
the aid of a Basic program implemented on a BBC-B microcomputer.
5.8.1. Chronological variations
The values of Se, Zn, Na, and K concentrations were obtained for subject A who 
was on Se and Zn supplementation. The chronological variations of the levels of Se, 
Zn and Na concentration in fingernail samples taken from the two hands show 
vividly a relation between the uptake of Se and Zn and the level of concentration of
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the two elements in the fingernails, figure 5.2. From the figure we can observe that 
the values of Se have risen in the fingernails after a period of approximately one 
month since the supplementation has started. The case shows similarity when the 
supplementation has stopped for one month, we notice that the levels of Se have 
started to drop after the elapse of a month. On the other hand the Zn concentrations 
seem to rise steadily with the time of intake of Zn. The increase of Se concentrations 
with time and dose by supplementation was studied by Damyanova et al. [Dam 87] 
in blood and found that the mean Se content in the whole blood, erjrthrocytes and 
plasma increased with supplementation. This phenomenon suggests that fingernails 
are suitable tissues for monitoring supplementation.
The Na concentrations in fingernails of subject A seem to coincide with those of 
Se, suggesting that an inter-element relation between these two elements is possible. 
In comparison to blood [Dam 87] it was observed that Na concentration increased in 
the erythrocytes and decreased in the plasma as the Se concentration increased in the 
blood,
5.8.2. Finger to finger and hand to hand variations
The variation of Se concentrations in the little finger, the middle finger and the 
forefinger of subject A, averaged over the whole period of six months are shown for 
each hand in figures 5.3a and b. The values obtained are very close to each other even 
though suggestions have been made in the past that variations may exist between left 
and right hands depending on use. This could mean that supplementation of Se may 
have acted as a regulator for the Se levels in the whole body, unlike subject B, figures 
5.3c and d, where Se concentrations are higher and have slight dissimilarities in each 
of the two hands. However, for both subjects the highest concentrations of Se were 
residing in the little fingernail of each hand. This implies that the slow growth in
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the little fingernail allowed more accumulation of Se because of its slow metabolic 
rate. Chlorine concentrations for subject B were found to be higher in the middle 
fingernail than in the thumb nail and below the detection limit (350 A^g/g) in the 
other nails , figure 5.4 a&b. The concentrations of Na and K for subject B are shown 
in figures 5.5 a,b,c & d. The hand to hand variations in elemental concentrations are 
illustrated in table 5.2 a&b for the above elements, in addition to Br, Mg, Rb, and 
Zn. Each of the values was averaged for 11 sets of fingernails for subject A and for 
six sets for subject B and the standard deviation is quoted accordingly.
5.8.3. Average fingernail concentrations (subject B)
Concentrations for 13 elements were calculated by averaging fingernail concen­
trations over the period of 6 months for subject B for six sets of fingernail data. The 
values for each set were obtained by summing the gamma-ray spectra for each finger­
nail and then calculating the concentrations from the summed spectrum representing 
the fingernails of both hands (ie. 10 nail samples). The average values for the six 
sets taken together were then found and the standard deviation and the range were 
deduced. These values were compared with the published values and found to be in 
good agreement except for Mg where the mean value of 3450 ±430 /ug/g obtained 
from this investigation was found to be higher than the highest quoted value of 2480 
Aig/g. In contrast the mean concentration value of S found (880 ± 200 yug/g) was 
much lower than the values quoted by Iyengar et ah; these values were 4780 and 
36600 Atg/g. A summary of published values and those found in this study is 
presented in table 5.3 a&b ; it includes the analytical method used in each case.
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Element
System
of
irradiation
Left hand 
fingernails cone. 
f lg/g  SD
Right hand 
figernails conc. 
(Ig/g SD
Au*** orBr CAS** 13.6 ±  2.3 12.1 ±  2.3Cl CAS 1940±  180 1880 ±  150K CT 800 ±  70 760±  69CAS 9980±  750 3080 ±  520
M n CASNa CT 518±  35 640 ±  30
Mb CAS 10.3 ±  1.2 10.78 ±  1.3s»* CAS
S b*" CT
S e CAS 2.06 ±  0.48 2.3 ±  1.28y*** CASZn CT 281±  37 253 ±  59
» : core tube irradiation ** CAS : cyclic activation system *** elements detected only when samples from both hands were 
added together.
Table 5.2a Average elemental concentration over a period of six months in the left and right 
hand fingernails for subject B.
Element Left hand conc. 
Me/e
Right hand conc. 
Me/e
K 270 ±  50 320 ±  31
Na 300 ±  40 290 ±  70
Se 1.07 ±  0.49 1.11 ±  0.45
Zn 130 ±  32 120 ±  6
Table 5.2b Average elemental concentrations over a period of six months in the left and right 
hand fingernails for subject A
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R e p o r te d
s t u d i e s
Au Br Cl K Mg Mn Na
T h i s  Mean SD 
s tudy  Range  
NAA
0 , 0 9  0 . 0 7 * 1 0 . 3  2 . 6  
8 . 0 3 - 1 3 . 9 4
1420 159  
1 2 3 0 - 1 6 2 0
7 6 0  236  
4 5 0 - 1 2 4 0
'3 4 5 0  430  
2 9 1 0 - 3 9 7 0
1 . 8 7  0 . 3 5  
1 . 5 2 - 2 . 2 2
6 40  29 0  
3 5 0 - 1 2 5 0
B isw a s  
FIXE 
( B i s  8 4 )
- 1 . 6 5  0 . 7 1 - 9 1 . 1  4 1 . 0 - 1 . 6 9  1 . 0 6 -
K anab rock i  
NAA (thumb)  
(Kan 6 8 )
0 . 5 2  0 . 5 8 - - -
;
;0 .B 7  0 . 3 1 900  537
P e tu s h k o v  
NAA (thumb)  
(P e t  69 )
0 . 0 5  0 . 0 3 4 , 9  4 . 6 - - - 1930  1500
H a r r i s o n  ( 1 )  
AAS
(Har 7 2 )
- - - - 106 36
1
-
V e i l a r
AAS
.(V e l  70 )
- - - 357 77 83 9
?
440  92
H a r r i s o n  (2 )
SSMS
(Har 7 1 )
- - - - -
■
-
Ward 
ÏCP-MS 
(War 8 8 )
- 4 . 8 - 1 5 . 3 - 2 0 8 -1 8 6 0 1 8 . 3 - 1 4 8 . 6 j 0 . 0 3 - 1 . 0 5  1 -
S o h l e r
AAS
(S eh  76)
- - - - -
1 !
163 232
F i t e
NAA
( F i t  72 )
0 . 7 8
0 . 2 4 - 1 . 8 0
9
4 - 1 9
3572
1 8 5 2 -5 2 0 6 - -
1 0 . 9 6  
1 0 . 3 7 - 1 . 9
1657
1 1 9 0 -2 0 9 2
I y en g a r  * s 
c o m p i l a t i o n  
( l y e  78)
j 0 . 0 3 - 0 . 7 8 9 , 1 0 1 0 9 0 - 3 5 7 0 3 5 7 -2 8 0 0 1 6 . 2 - 2 4 8 0 0 . 0 4 - 2 . 1 3 3 2 - 3 0 1 0
* o b t a i n e d  by t h e  a b s o l u t e  method.
Table 5 .3a Values of elem ental concentrations in  f in g e r n a il in  bg/g
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R e p o r t e d
s t u d i e s
Rb S S b S e V Zn
T h i s  Mean SD 
s t u d y  R ange  
NAA
1 0 , 4 6  0 . 3 2  
1 0 . 1 4 - 1 0 . 7 8
8 8 0  2 0 0  
6 9 0 - 1 1 5 0
0 . 1 9  0 . 0 3  
0 . 1 6 - 0 , 2 3
2 , 1 8  1 . 0 9  
1 . 3 - 4 . 8
0 . 5 4  0 . 0 8  
0 . 4 6 —0 . 6 2
1 9 0  4 5  
1 3 0 - 2 6 0
B i s w a s  
PIXE 
( B i s  8 4 )
1 . 2 9  1 . 5 4 - - 1 , 2 8  0 . 3 4 - 1 1 3  2 0
P e t u s h k o v  
NAA ( th u m b )  
( P e t  6 9 )
- - 3 2  19 - - 2 0 6 7  6 3 4
H a r r i s o n  ( 1 )  
AAS
(Har 7 2 )
- - - - - 1 7 8  4 0
V e i l a r
ASS
( V e l  7 0 )
- - - - 7 3  8
H a r r i s o n  ( 2 )
SSMS
'(Har 7 1 )
2.1 0 . 6 2 - 5 . 9  0 . 7 5 8 . 7  6 . 9
1
-
- i
Wird  
ICP-MS 
(War 8 8 )
8 . 7 - 4 6 . 9 - 0 , 0 3 - 0 . 2 7 0 . 2 4 - 3 . 1 4  : 6 . 3 - 1 8 . 4 6 8 . 1 - 2 1 4 . 4
F i t e
NAA
( F i t  7 2 )
- - - - -
3 0 4
1 4 1 - 4 5 8
I y e n g a r  * s  
c o m p i l a t i o n  
( l y e  7 8 )
3 . 1 4 7 8 0 - 3 6 6 0 0 0 . 0 3 - 0 . 7 5 1 . 1 4 , 8 . 0 0 . 1 5 7 3 - 3 0 4
Table 5.3b Values of elem ental concentrations in  f in g e r n a ils  in  ug/g .
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FLUORINE MEASUREMENTS IN HUMAN BONE BIOPSY SAMPLES
6.1. Introduction and background
Research investigating trace elements with respect to concentrations in human 
tissues and fluids, found the existence of links between their elemental concentrations 
and dietary habits, nutrition and disease [Eda 78]. The case for bone tissue is no 
different. Fluorine is one of the element of interest as it is the 13 th  most abundant 
elements in the earth's crust [Sch 72]. Traces of fluorine, which is a constituent of 
bone and dental tissues, are essential for normal teeth formation [Bes 59]. As 99% of 
the human body weight embraces skeletal fluorides, fluorine is hence considered as an 
explicit bone seeker [Hod 72]. The benefits of fluorine to human health lie in the 
prevention of dental cavities. However, if fluorine concentration in drinking water, 
which is the main source of fluorine intake, reaches the extent of 2ppm, then this 
may cause mottled enamel in the teeth of children acquiring permanent teeth [WHO 
70, Wea 87]. Fluoride compounds also act as anticoagulants, and thus prevent blood 
coagulation [Bes 59]. In addition, the presence of fluorine was found to have reduced 
the incidence of osteoporosis among the elderly [Ber 66]. The absorption of fluorides 
mainly takes place in the stomach and intestine, and circulated by the blood from 
which they are either absorbed by the bone ( ** 30min), or excreted through the
kidneys ( TbM =  2-3 hrs) [Hod 72].
In the human body, the fluorine ion usually replaces the hydroxyl ion in the 
bone apatite lattice because of the similarity in the ion size and shape. This results in 
substitution of hydroxyapatite by fluoroapatite, Ca loC P0 4 \  Eg, which is usually
Fluorine measurements in human bone biopsy samples
-  80 - Chapter 6
found in crystal form as Ca io(PC>4)6XOH,F), [Zip 73],
Concern has been expressed in recent years about the uptake of elements in 
patients receiving kidney dialysis treatment and there is some evidence that the pres­
ence of aluminium prevents the incorporation of fluorine into the bone apatite lattice 
[Sab 88]. In this study, the fluorine concentrations in bone biopsy samples were 
determined for a number of subjects divided into four groups depending on the 
length of dialysis treatment, A1 levels in blood and bone pathology in terms of 
osteoporosis. Two analytical-nuclear methods were incorporated for fluorine deter­
mination in bone sample. Cyclic neutron activation analysis, CNAA, using reactor 
neutrons and proton induced gamma ray emission (PIGE) in conjunction with Ruth- 
eiford backscattering (RBS), making use of proton and helium ions generated from 
the University’s 2MV Van De Graaff accelerator.
6.2. Samples
Fresh bone biopsy samples from the iliac crest of the subjects were obtained by 
the Dialysis Service at the Maggiore Hospital, Lodi, Italy. The subjects were divided 
by the clinicians into four groups as follows :
group I :
8 samples collected from elderly persons who had normal renal function, were 
affected by osteoporosis and had undergone no treatment.
group II :
5 samples from subjects on dialysis for a period of less than one year, with 
blood plasma concentration of A1 less than SO These patients showed no
sign of pathology in the bone due to Al.
group III :
Fluorine measurements in human bone biopsy samples
- 81 - Chapter 6
6 samples from patients on dialysis for more than 10 years, with high levels of
Al in their blood, but showing no sign of pathology in the bone due to AL
group IV :
6 samples from dialysis patients affected by osteoporosis due to AL
The weights of the bone samples were in the range of 10-140 mg and had an 
average diameter of 3 mm. No further information concerning the details of treat­
ment and medication were given to the analysts in this preliminary study.
6.3. CNAA of bone
The determination of fluorine concentrations using CNAA is based on the 
fluorine ’^F(n,y)^®F (11s) reaction, which results in the emission of gamma-rays of 
1.63 MeV energy. This reaction offers the best sensitivity for fluorine detection by 
INAA compared to the ^^F(n,2n)^® F (110m) reaction [lAE 74]. However, the use of 
CNAA in fluorine determination has some limitations resulting from a dominant 
interfering nuclear reaction. This reaction is the ^^Na(n,a)^°F resulting from the fast 
neutron bombardment of the sodium nuclei with a threshold neutron energy of 4.03 
MeV. It has a significant effect on the determination of fluorine concentrations of 
sodium to those of fluorine [lye 78]. The interference problem however cannot be 
solved by radiochemical separation because of the short half life of the fluorine iso­
tope, which does not enable any sample treatment to take place between irradiation 
and counting. CNAA is therefore favoured for fluorine measurements because of the 
short experimental time required for the analysis besides providing extra information 
about the elemental content of the bulk of the sample. Consequently a mathematical 
solution should be utilized in order to overcome the sodium interference. The princi­
ple interfering and other possible induced reactions involved in the determination of 
fluorine by INAA and PIGE are summarized in table 6.1. As there is no
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concentration of Ne to be found in bone the effect of the ^®Ne (n,p)^®F reaction is 
ignored.
6.3.1. Sample and standard preparation fo r  CNAA :
Nineteen samples were prepared for CNAA. The preparation involved placing 
the samples in the polyethylene irradiation tubes and weighing them. The samples 
were transferred into the CAS irradiation capsules using a nylon tweezer in a clean 
room environment. No treatment was performed on the samples.
Three reference materials were employed for the comparative determination of 
the fluorine concentrations in the bone samples as well as for Ca, Cl, Mg, Na and Se. 
The comparator materials were as follows: Two samples of Bowen's kale reference 
material for multielemental concentration determination. 20 NaCl solution stan­
dards (1000 ppm Na), of different amounts were pipetted on filter paper and placed 
in the irradiation capsules, for determining F and Ne contributions from Na. Finally, 
20 samples of BDH analytical extra pure CaFg powder of different masses were 
placed in the irradiation capsules, in order to characterise the ^^ F ( n, y )^ ®F reaction.
6.3.2. Experim ental conditions
A computer spectra simulation programme [Al-M 87] was employed to optimize 
the irradiation, decay, counting and delay-timing parameters and the number of 
cycles required to achieve a maximum signal to background ratio and hence max­
imum detector response for a pre-determined experimental time per sample. This 
programme takes into account the sample matrix; provided its elemental composition 
is known. However, the programme was applied for Bowen's kale reference material 
in order to accommodate more elements in the matrix without running to high 
dead-time problems. The chosen parameters were five minutes per sample as 10s
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Method Reaction
Reaction 
energy (MeV)
Activation 
x-scction (mb) Half-life F^(MeV)(I,%)
INAA - 9.8 11s 1.63(100%)
2°Nc(n,p)2°F 6.56 0.08
2^Na(n,a)2°F 4.03 0,8
4.25 1.4 27s 0.197(97%)J«GCn,y) 0^ 0.2
^^F(n,a:)^^N 1.60 7,9 7,1s 6.13(69%)
24
^^0(n,p)^^N 10.24 0.02
^^F(n,2n)^®F 10.98 0.007 110 min (jS +)0.511(194%)PIGE* J’F(p,av)JJo prompt^Vp,ay)^^o 0.224 0.2 prompt unknown
’^ F (p ,ay)^ ^ 0 0,340 102 prompt (3,0.5,96.5)*
^^F(p,ay)^^0 0.483 32 prompt (20,1,79)
^^F(p,ay)^^0 0,597 7 prompt (0.3,0.3,100)^^F(p,av)^^0 0.672 57 prompt (19,03,81)^^ F(p,<%y)^ o^ 0.835 19 prompt unknown^^ F(p,(xy)^ o^ 0,872 661 prompt (8,24,68)^%(p,o!'y)^ C^ 0.902 23 prompt (5,5,90)^^F(p,av)^^0 0.935 180 prompt (21,3,76)
1.090 13 prompt unkown^^F(p,ay)^^0 1.140 15 prompt unkownJ^ F(p,o:v)J^ Q 1.189 19 prompt unkown|^F(p,(xy)^0 1.283 29 prompt (18,8,74)J%Cp.ay)J^ O 1.348 89 prompt (31,14,55)i9F(p,ay)i6o 1.375 300 prompt (5,5,0.8)^^ F(p,o:y)^ 0^ 1.691 unkown prompt unkown
* All the reactions shown are prompt and result in the emission of the gamma-lines 7.12,6.92 and 6.13 MeV with the ratios shown between the brack­ets.
Table 6.1 : Main reactions for fluorine determination by INAA and PIGE.
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irradiation, 2s decay, 10s counting, 2s delay for 14 cycles.
Gamma-ray detection was performed using the Ge(Li) detector associated with 
the cyclic activation system. The spectra were collected and dead-time correction 
took place in the usual way as mentioned in chapter 3.
6.3.3. Sensitivity
For the bone sample matrix, which contains a considerable sodium concentration 
and hence ^°F interference, the detection sensitivity of 3VF was considered, where 3 
is the number of multiples of the standard deviation of the fluorine photopeak count, 
and B is the background count underlying the fluorine full energy photopeak. This 
detection sensitivity was calculated, after correction of the fluorine photopeak count 
and background count, and found as 4.6 yag of fluorine, compared to 2.6 fi% measured 
by Kerr and Spyrou [Ker 78] when using the ICIS irradiation system. The latter has 
considerably higher thermal, epithermal and fast neutron fluxes than those of CAS as 
shown in table 3.1 .
6.3.4. Elimination of the sodium contribution ,
The CaF 2 data provided fluorine counts which are free from interference contri­
butions from sodium, which enabled the determination of the number of counts per 
microgram of fluorine. Figure 6.1 shows the relation between the full energy photo­
peak counts and the mass of the fluorine in the CaF 2. The slope of the least square 
fitted function provided the number of counts per fi% of F as 18.9 ± 2.6 counts/^cg 
(F). The NaCl data did provide the interference contribution to F and Ne. The ratio 
of the fluorine produced by the Na(n,a) reaction over the count in the 1.37 MeV pho­
topeak of Na(F^a /Na) was averaged for all the NaCl samples and found to be 0.43 
± 0.02. Another test was applied by measuring the Ne produced by the
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^^Na(n,p)^^Ne reaction, the i^jva/Ne count ratios were measured and found to be 0.38 
± 0.13, As the values of the ratios of F^a /Na and Fîfa /Ne were within the standard 
deviation of each other, the Na contribution to the F peak was calculated and it was 
found that Img of Na contributes to the equivalent of 34 of F.
Xig360
55
50
m 1*3  J-lg 35
Ü 30
rt 25.0)g- 20
I -10fn S - 1 6 . 8S
Mass of f lu o r in e , mg
Fig. 6.1 The increase of the F photo peak counts with the mass of the element irradiated.
6.3.5. CNAA results
The F concentrations in the bone samples were calculated for each sample and 
presented in table 6.5 with the results from PIGE and RBS later in the chapter. The 
concentrations of the following elements were also determined by CNAA: Ca, Cl, F, 
Mg, Na and Se; these are listed in table 6.7. All results from the CNAA, PIGE and 
RBS will be discussed later in the chapter.
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6.4. PIGE analysis of the bone fo r fluorine determ ination
This method is based mainly on the nuclear resonance reactions of the proton 
which is absorbed by the atoms of the target resulting in the emission of a nucleon 
and associated gamma-rays or only emission of gamma-rays through the de­
excitation process; in other cases the emission of gamma radiation follows inelastic 
proton scattering which may take place Cp ./>'). For fluorine measurements there are 
two nuclear reactions of interest resulting from the proton bombardment of the 
fluorine nucleus. The reactions are ^^F(p,a:'y)^^0 and ^^FCp.p'y y^F, which occur at 
several resonance energies as shown in table 6.1. However, the '^^ FC p reaction
is preferred to the ^^ FCp y)^^F reaction as it produces gamma-rays at high energies 
away from any interference (6.13, 6.92 and 7.12 MeV), and relatively low back­
ground.
p  ---------» ] ---------- » +(2 (2= -8,11 M eV
The reaction’s largest resonance cross-section occurs at 872 keV (661 mb), and the
transition to three excited states of takes place by the emission of three alpha
groups giving the three gamma-lines as shown in figure 6.2.
6.4.1. Sample preparation  fo r  PIGE
Eight bone samples, given 4 from group I, 2 from group 3 and 2 from group 4, a 
pellet of IAEA Calcined Animal Bone (7mm diameter), were weighed and mounted 
together along the centre line of the aluminium sample holder which had been 
washed in methanol and deionized water.
A band of double sided sellotape was used to fix the samples onto the sample 
holder. An aluminium fluoride comparator for verification of the energy of the reso­
nance reaction was prepared by evaporating hydrofluoric acid onto a small, thin Al
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Ne
Fig.6,2 Illustration of the .a y )  reaction . Energy values shown are in MeV.
the bone specimens on the sample holder. The holder with the samples on it was 
carbon coated from an arc to prevent their charging-np during proton irradiation. 
The carbon coating was then connected electrically to the target holder using, a touch 
of ’Aquadag® ’ synthetic. The holder was then electrically insulated to permit beam 
current integration. A plate held at a negative chaise was then placed on the sample 
holder to repel secondary electrons which can result in the induction of spark 
dischai^e and hence incorrect beam integration and charge collection. The sample 
holder was then placed inside the vacuum chamber where it can be driven horizon­
tally to allow the samples to be proton-bombarded in turn, without breaking the 
vacuum.
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vacuum.
6.4.2. Proton beam adjustm ent
The proton beam from the University’s 2MV Van de Graaff accelerator was first 
focussed on the aluminium fluoride comparator, since it had a high fluorine concen­
tration, in order to locate the signal from the fluorine. The beam energy was then 
increased according to an increase of the magnetic flux density in steps of 5 Gauss (5 
X 10""’Telsa). The corresponding increase of energy was found to be 3.53 keV per 
step. The number of counts per /xC of integrated charge on the sample was recorded 
for every step, as shown in figure 6.3, and found to be in proportion with the ^^F(p, 
reaction cross-section. The difference between the successive readings of 
counts per (iC of charge was found to follow the shape of the Breit-Weigner curve, 
with a 4.6 keV full width at half maximum, figure 6.4. This was found to be in 
good agreement with the reported line width of 4.7 keV [Ajz 72]. The beam size 
chosen for the experiment was 1 mm as the scanning beam of 5-10 (xm diameter 
resulted in a very low gamma-ray yield and hence a long time of proton irradiation 
would have been required and many intervals to be irradiated to produce consistent 
counts over the set region of interest. In addition, a test sample which was used 
with the microbeam suffered severe damage to its surface due to thermal dissipation, 
sputtering, and radiation effects. Therefore it was decided that a Imm-wide beam 
should overcome the above disadvantages although fine spatial information about the 
elemental distribution within the sample would not be available using this beam 
size. The proton beam was set at 900 keV rather than the high-resonance energy of 
872 keV in order to compensate for enei^gy loss with penetration, allowing sampling 
to take place with depth.
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F ig .6.4 The d iffere n c e  between the su ccessive  readings of 
counts per pC of charge as a function  of proton 
energy.
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6.4.3. Gamma-ray spectroscopy
As the ^^ FCp, reaction results in the emission of 6.13, 6.92, 7.12 MeV
gamma-ray full energy peaks (1.7 x 10""s, 7x 10"^^ s and 8 x 10"^^s) excitation 
periods respectively) plus the single and double escape peaks associated with each 
peak, it was thought that the use of a large NalCTl) detector would be suitable for 
the detection of such high energy gamma lines. Despite the poor resolution of the 
scintillator at this energy range, separation of the photopeaks will not be possible, a 
Nal(Tl) detector (128 mm diameter x 128 mm) was employed because of its higher 
ejficiency compared to a semiconductor detector and because of the low background 
and the interference free conditions at that energy range. The signal from the detec­
tor was amplified and then fed into an Apple II PC/MCA (2048 channels) for pulse 
height analysis. The energy window was set to measure all the events between 4.6-
7.5 MeV. The gamma-ray spectrum was collected for 200 /uC of integrated charge , 
which was approximately fifteen minutes per sample. The spectrum from each sam­
ple was saved on a floppy disk and the integral number of counts for the set energy 
range were registered. The spectrum from the aluminium fluoride comparator, figure
6.5 shows that the 6.13 MeV peak and its single escape peak appear to be more 
resolved than the other peaks. This is due to the fact that the gamma-ray transition 
took place after the recoiled nucleus of had come to rest because of the relatively 
long excitation life. Unlike the 6.92 and the 7.12 MeV lines where the transition 
took place while the recoiling nucleus of was in motion resulting in the broaden­
ing of the photopeaks.
6.4.4. PIGE Results
The background count with the proton beam upto the gate valve was measured 
for 600s and found as 0.6 counts per second. The counts from the standards and
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Fig.6.5 The gamma-ray spectrum from the aluminium fiuoride standard.
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from the samples were normalized to counts per fiC of chaise rather than live time 
counting in order to eliminate the beam flux variation with time. The results for 200 
/aC of charge for the bone samples are presented in table 6.2. The aluminium fluoride 
standard gave a very high count rate and was thus measured for 33.01 fiC of charge.
The results in table 6.3 were checked for smaller quantities of charge and the 
discrepancy with table 6.2 were reported. The fluorine detection limit was calculated 
as 3 VF /fiC, where B is the background count , and found for 1/uC of chaige to be 
23 ppm ± 3 %. This calculation was deduced from the fluorine concentration of 566 
± 20 fig/g in Calcined Animal Bone measured by Kerr and Spyrou [Ker 78]. For
1000 /iC of integrated charge the detection limit becomes = 0.73 ppm. This
value is in general agreement with the detection limit of 0.96 ppm quoted by Clark 
et al. [Cia 75].
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Sample Charge
(Ate)
Live time 
(s)
Total
counts
Total
Background
Counts per 
Ate
IAEA 
Calcined 
Animal Bone 
Standard
200.15 1093 26301 ±  162 25658 ±  196 128.19 ±  0.98
3 100,08 717 6217 ±  79 5795 ±  101 57.90 ±  1.01
6 200,14 1180 3902 ±  63 3208 ±  100 16.03 ±  0.50
9 200.18 920 9354 ±  97 8813 ±  126 44.03 ±  0.62
10 200.24 928 9576 ±  98 9030 ±  127 45.10 ±  0.63
13 200.18 909 17707 ±  133 17172 ±  161 85.78 ±  0.81
19 202.10 953 11058 ±  105 10497 ±  135 51.94 ±  0.67
21 200.09 930 3493 ±  59 2946 ±  88 14.72 ±  0.44
25 200.31 868 4407 ±  66 3896 ±  93 19.45 ±  0.46
Aluminium
Fluoride
Standard
33.01 142 178587 ±  423 178504 ±  432 5407.57 ±  13.09
Table 6.2 PIGE data and results for 200 fxC of  charge.
Sample Charge
(A tc)
Live time 
(s)
Total
counts
Total
Background
Counts per
A tc
Discrepancy
IAEA 
Calcined 
Animal Bone 
Standard
43.60 390 6383 ±  80 6154 ±  95 141.15 ±  2.18 +10%
6 51.27 325 936 ±  31 745 ±  45 14.53 ±  0.88 -9%
9 40.07 301 2244 ±  47 2067 ±  60 51.58 ±  1.50 +17%
10 40.08 295 1926 ±  44 1752 ±  47 43.71 ±  1.42 -3%
13 41.70 281 4215 ±  65 4050 ±  78 97.12 ±  1.87 +13%
19 40.7 275 1990 ±  45 1801 ±  59 44.95 ±  1.47 -13%
21 40.06 321 935 ±  31 747 ±  44 18.65 ±  1.12 +27%
25 50.02 283 1611 ±  40 1445 ±  53 28.89 ±  0.86 +49%
25 38.89 286 1409 ±  38 1241 ±  51 31.91 ±  1.34 +64%
Aluminium
Fluoride
Standard
10.37 28 65881 ±  257 65865 ±  261 6351.49 ±  25.17 +7%
Table 6.3 PIGE data and results for variable charges.
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6.4.5. R utherford backscattering, RBS
Rutherford backscattering, (RBS) elastic scattering of charged particles from the 
solid matrix, was found to be a valuable tool for acquiring information about surface 
layer composition, depth profile analysis, and trace element analysis. In principle the 
RBS method is based upon the conservation of energy and momentum. When an ion 
projectile hits a target nucleus then energy dissipated to the target nucleus and the 
energy retained by the projectile will depend upon the weight of the nucleus. There­
fore if the projectile hits a heavy nucleus, then the energy transfer to the target 
nucleus will be minimal and the ion projectile will backscatter retaining most of its 
energy. In contrast, when the projectile hits a light nucleus, then most of the projec­
tile energy will be imparted to the nucleus hit and the projectile will backscatter 
with a much lower energy figure 6.6. In a backscattering measurement the yield and 
energy of the scattered particles are directly related to the elemental composition of 
the samples [Dec 78]. The accuracy associated with the measurement of a backscat- 
tered projectile energy, typically 1 %, results in accurate determination of the mass 
of the target nucleus. Backscattering is generally applied at angles between 160-180 
depending on the kinematic recoil factor which is given in equation (2.20). The mass 
separation is dependant upon the mass of the projectile. Heavier projectile ions have 
considerably more recoil energy separation than those of light projectile ions for the 
same target nucleus.
Information about the thickness of the scattering lay a: can be obtained from the 
energy of the backscattered projectile which will exhibit lower energy of scattering 
due to the loss of energy to the electron cloud surrounding the target nucleus.
The RBS experiments were carried out using proton and helium ion beams at 
energies of 1.6 MeV and 1.5 MeV respectively. The aperture size was 1mm in diame-
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Fig6 , 6  Nuclear backscattering of alpha particles from heavy and light weight nuclei. Length of arrows 
after scattering indicates the energy transfer in the process between the projectiles and the struck nu­
clei.
ter and a demagnification factor of 5 brought the beam size down to 0.2 mm in
diameter. A silicon surface barrier detector with an energy resolution of 14 keV
operating at a reverse bias of 50 V was placed in the vacuum chamber and set at an 
0angle of 165 to the direction of the beam. The signal resulting from the particle 
bombardment of the detector was amplified and then fed into  ^a 512 channel analyser 
where the backscattered energy spectra were recorded. From the backscattering spec­
tral analysis it was found that protons had penetrated deeper in the bone samples 
than helium ions, however, the shape of the backscattering of the 1.6 MeV protons 
appeared to be non-Rutherford, whereas helium ions underwent Rutherford back- 
scattering as shown in figure 6.7 a,b, for the standards and figure 6.7 c,d for a sam-
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pie. The stopping power values for helium ions in the different element matrices 
were calculated using a computer programme applying Bragg’s rule C which postu­
lates a linear additivity of energy loss cross-section for constituents of a compound) 
and stopping power tables [Dec 78], [Zei 77],
The variation of the kinematic factor obtained for proton and helium ions is 
shown in figure 6.8 and the relation between the stopping power of the helium ions 
with the atomic number of the target is illustrated in figure 6.9. From the RBS spec­
tra of He and the size of the backscatter edge, the average elemental composition and 
the average atomic weight of the Calcined Animal Bone reference material as well as 
that for the bone sample were determined in order to evaluate the weight of the 
excited part of the sample. Knowing the weight of the standard excited and its 
fluorine content C^g/g), the weight of fluorine can be deduced. Therefore, knowing 
that the fluorine gamma yield in counts per ^C of charge in the standard can be 
related per yuC of charçe in the sample, results in the evaluation of fluorine concen­
tration in the samples provided the weight of the excited part ie. the volume of 
interaction with the beam of the sample is known.
The gamma yield from the fluorine in the samples is proportional to the area 
under the Breit-Weigner curve, which may be equated to a rectangle of height equal 
to the resonance cross-section o-(J5^) and a width equal to the energy width of the 
resonance, AE. The energy width divided by the stopping power of protons in the 
irradiated matrix gives the effective thickness per unit area of the sample excited. 
Since the average atomic weight of the samples is known, the weight of the sample 
excited can be determined.
AE -  7T-^
Fluorine measurements in human bone biopsy samples
-9 6  - Chapter 6
University of Surrey
Departm ent ot Electronic and Electrical Engineering 
Solid State Devices and loti Beam Tectinology 
■ Ion Beam Analysis and Implantation
RJ2
CALCINED ANIMAL BONE STANDARD
Proton backscattering
1676 —I
Ü 838
419
200
Channel Number
University of Surrey
; ■j  Departm ent Of Electronic and Electrical Engineering jPi ^ —tr  Cr 
Solid State Devices and Ion Beam Technology I
ton Beam Analysis and Implantation V  °  U
RJ11
H  Catdned Animal Bone
He RBS,
1125
Ü 750
100 200
Channel Number
Fig.6.7 The backscattering spectra from the calcined animal bone standard; (a) proton BS . (b) He RBS.
Fluorine measurements in human bone biopsy samples
- 9 7 - Chapter 6
University of Surrey
Department of Electronic and Electrical Engineering 
Solid State Devices and Ion Beam Technology 
' Ion Beam Analysis and Implantation
r
RJ6
S a n # *  # 9
Proton backscattering
6140 —1
O 3070
1535
Channel Number
University of Surrey
Department of Electronic and Electrical Engineering 
Solid State Devices and Ion Beam Technology 
Ion Beam Analysis and Implantation m
RG5
H I  SempkM .
He RBS
O 80 -
(d)
Channel Numtwr
Fig.6.7 The backscattering spectra from sample #9; (c) proton BS , (d) He RBS.
Fluorine measurements in human bone biopsy samples
- 9 8 - Chapter 6
XI0-120 .
>
s He
Atomic number
F ig ,6 .8  The v a r ia tio n  of the kinematic factor  of 
proton and helium ions with the atomic 
number of the ta rg e t.
X10^
JUtniU»4l»mn»t limit! Il tin
lie
CO
H e  ( 1 . 5  M e V )
iiiiiiHiminiT'|mfinniunrTiii|iniiii ii|imiMTiiiiiiuiinnii iiununn' rr|Tininii'|liutnm»n'iitnmiiiiiiiif' 
1 8  2 0  2 2  2 1  2 6
Atomic number
F i g . 6.9 The v a r ia tio n  of the stopping power of helium ions  
w ith the atomic number of the ta rg e t.
Fluorine measurements in human bone biopsy samples
- 9 9 - Chapter 6
where T is the resonance width which was measured as 4.6 keV, This gives AE a 
value of 7.2 keV. From this value the effective thickness of the excited samples and 
the standard were calculated, and hence their masses were obtained and the fluorine 
concentration in the samples were evaluated and presented in table 6.4.
Sample Composition Sample mass 
excited 
(Atg± 9.3%)
F
conc.
Cm g/g)
Calcined
Animal C a  3 P  2O  7 37.2 566 ±  20
Bone
3 GsCflaOio-P 4 35.4 272 ±  53
6 C 29.5 96 ±  19
9 C 29.5 246 ±  48
1 0 G ^ oP j Ç a 30.3 240 ±  47
13 G 1 4 P  aGû 33.1 427 ±  83
19 C 29.5 288 ±  56
2 1 C 29.5 82 ±  16
25 C 29.5 1 1 0  ± 2 1
Table 6.4 Fluorine concentrations in bone biopsy samples using proton induced gamma ray 
emission (PIGE), corrected for major element composition of the sample obtained by Ruther­
ford backscattering (RBS). The value for the F concentration in the calcined bone was found by 
neutron activation analysis [Ker 78].
6.5. Results and discussion
The fluorine concentrations determined in the bone biopsy samples by CNAA 
and PIGE in conjunction with RBS are presented in table 6.5. They show that sub-
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jects in group IV had the highest level of F concentrations. This is the group of 
dialysis patients with osteoporosis due to Al. Group III, which had a high level of A1 
in blood and a dialytic age greater than 10 years, had an average value of F concen­
tration which was lower than group IV. Group II, with values less than 80 fig Al 
per litre of plasma had a lower average F concentration than either group III or IV. 
The lowest average F concentration was obtained for group I, the group with normal 
renal function but affected by osteoporosis. (NB sample 6M was obtained from a 
young normal male with no osteoperosis). The highest value of F concentration 
determined was 2142 fig/g; this was not included in the set of results because the 
subject was affected by cirrhosis due to alcoholism. It should also be noted that the 
F concentrations obtained by CNAA have typical standard error of 20 %. A com­
parison between the F values obtained in this work with the values for normal bone 
tissue values in the literature is presented in table 6.6. In general the results 
obtained for F concentrations in the four groups of subjects indicate that a positive 
correlation may exist between fluorine concentrations in the bone and aluminium lev­
els in the system. This conclusion was found to be contrary to the findings reported 
in the literature [Pfe 78] as the presence of Al in the system is associated with low 
fluorine concentrations.
The results listed in table 6,5 show that the values of F concentrations in the 
bone samples obtained by CNAA for the four groups of subjects are significantly 
higher than those obtained by PIGE and RBS. This may be due to the size of the 
sample analysed, as in CNAA the whole sample was irradiated and analysed, 
whereas in PIGE and RBS only the surface layers of the sample were irradiated. 
Differences in the F concentrations between trabecular and cortical bone may also be 
responsible. However, the appearance of the samples investigated did not exhibit
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Group Sample number F ( f i g / g) X  ±  SD( f ig /g)
IF 678
2 ND
3F 272 ±  53
I 4F 621 318±  250
5F 386
6 M* 96 ±  19
21M 82 ±  16
25F 1 1 0 ±  2 1
22M 402
24M 608
II 26M 166 515 ±  279
27M 925
1 1 474
7F 1300
8 F 723
9M 246 ±  48 699±  505
III 1 0 240 ±  47
12M 1321
23M 364
13M 427 ±  83
14F 916
15 763 898±  522
IV 16M 1616
17M 1380
19M 288 ±  56
* Young normal male with no osteoporosis.
Table 6.5 FLuorine concentrations in bone biopsy samples obtained by PIGE and CNAA.
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Source Type of bone Range of 
conc.We/s)
present
work(a)
human
fresh
166-2142
present
work(b)
human
fresh
82-427
ICRP(1975) 
[ICR 75]
human
fresh
250 (av.)
Zipikin 
[Zip 73]
human
fresh
500 (av.)
lyegnar et al. 
[lye 78]
human
different
654-28600
Ryde 
[Ryd 82]
human
archaelogical
765-2111
Haddy et al, 
[Hadd 82]
human
archaelogical
166-775
Hy VO nen-Dabek 
[Hyv 81]
pig’s 178-1630
(a) results obtained by CNAA
(b) results obtained by PIGE & RBS 
(av.) average value.
Table 6 . 6  Comparison between values of fluorine concentrations obtained by this work 
and values available in the literature for normal bone tissue.
differences in structure, and it is likely that the bone samples were irradiated from 
either side. The available literature does not provide information about the 
differences in the elemental concentrations in the different layers of bone tissue. 
Therefore, more experiments with a larger number of samples and appropriate histol­
ogy are required to explore these variations. In addition extra information regarding 
a reference point of sampling from the bulk tissue may be useful inorder to extract 
anatomical information concerning the depths of the bone layers at a given sampling 
reference point. The errors on the evaluation of F concentrations in this work are 
mostly associated with the uncertainities of the method applied and are systematic.
In addition to F, the concentrations of Ca, Cl, F, Mg, Na and Se were determined 
for each group. These are compared with the values in the compilation by Iyengar et
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al. [lye 78] and presented in table 6.7.
Chapter 6
group conc.
(Mg/g)
Ca* Cl F Mg Na Se
4@ 4 4 3 3 4 2
I mean 159 1960 562 2928 6680 0.28
SD 35 1030 126 1397 930 0.040
5 5 5 5 2 5 2
II mean 198 2982 515 2523 7751 0.303
SD 38 1202 279 1328 1596 0.001
4 . 4 4 4 4 4 4
III mean 160 2344 927 1926 6313 0.192
SD 23 390 464 778 1300 0.06
4 4 4 4 4 4 3
IV mean 199 3035 1169 4865 7930 0.342
SD 60 1570 397 2475 1320 0.0310
Range 99-258 1130-4650 166-1616 1175-7831 3300-15300 0.024-0.352
Iyengar 
etal. 
[lye 78]
108-390 632
one
value
2100-6180 700-9370 5600-1400 1.0,8.95
* values in mg/g
@ no. of samples
Table 6.7 Values of elemental concentrations in bone biopsy samples obtained by CNAA.
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The concentration values of the above elements in the four groups were generally in 
agreement with Iyengar values for normal bone tissue except for F where the values 
were significantly lower than the normal values. The values obtained for Cl concen­
trations were found to be lower than the values for the normal tissue compared to 
the one value presented in Iyengar’s compilation and the range of 280-827 (ig/g 
quoted by Budd (1983) [Bud 83]. The case is similar for Se concentration in human 
bone; where the compilation quotes only two values, which are significantly higher.
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CHAPTER?
MASS FRACTIONATION AND THE SAMPLING FACTOR
7.1. Introduction
In neutron activation experiments, the type of the material that is subject to 
analysis and the type of the reference material used for evaluating elemental concen­
trations play an important role in the success or the failure of such experiments. The 
type of the material w ith regard to its elemental content, may restrict the size of the 
sample to be analysed because of the dead-time problem and therefore result in the 
analysis of a sample which is not representative of the material. Whereas the choice 
of reference material can affect the determination of elemntal concentrations in the 
sample as the differences in composition, homogeneity, shape and size between the 
reference material and the sample may be significant. For example, when a particular 
element, which is present in the reference material in low concentration, is to be 
determined in the sample with good precision a large mass of the reference material is 
necessary in order to obtain a reasonably large signal for that element. In other 
words, the size, the homogeneity and hence the representative mass of the sample and 
the reference material must be taken into account.
In this chapter, the concept of mass fractionation is investigated using Bowen’s 
kale reference material for several elements, namely Br, Ca, Cl, Cu, K, Mg, Mn, Na, 
Rb, S, Sb, Se, Sm and V. The average representative mass of Bowen's kale required 
for each of the above elements excluding Cu and Sb were determined and denoted by 
the sampling factor. The concept of sampling factor was applied to fingernails and 
determined for Au, Br, Cl, K, Mg, Mn, Na, Rb, S, Se, V and Zn.
Mass Fractionation and the Sampling Factor
- 106 - Chapter 7
7.2. Theory and background
The analytical problems associated with the determination of trace element con­
centrations are closely linked to the small size of the sample under investigation in 
combination with the presence of low trace element concentrations. In neutron 
activation analysis the induced activity of a particular nucleus is proportional to the 
amount of element irradiated. The proportionality constant is determined by several 
parameters such as the neutron activation cross-section of the element, the flux den­
sity of neutrons bombarding the target nuclei, the time of irradiation of the element 
and the half life of the isotope produced.
The application of instrumental neutron activation analysis (IN A A), implies 
that the subject sample undergoes no treatment or separation before the induced 
activity is measured. The use of a reference material with known elemental composi­
tion necessitates maintaining exact irradiation and counting conditions as the subject 
sample. Doing so will minimize the systematic errors and inconsistencies which may 
arise. However, employing a multielement reference material has its own drawbacks, 
correct certification of elemental concentrations may not be available for all elements 
of interest. Some times the recommended quantities of the reference material to be 
used are not necessarily representative for the element of interest in the low concen­
trations available therein, suggesting that a larger quantity of the reference material 
should be used. Other problems such as high dead time due to the presence of the 
more abundant elements will result when a large mass of the reference material or 
the subject sample is used. Consequently, some analysts turned to solve this prob­
lem by employing radiochemical neutron activation analysis (RNAA), whereby the 
sample undergoes radiochemical separation of a particular isotope following the sam­
ple irradiation, determining the chemical yield of that isotope and thus its concentra-
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tlon, [Hey 84]. This method of analysis provides very low limits of detection in 
combination with high precision, [Boy 49]. Nevertheless, the limitations of RNAA to 
the long-lived isotopes, the requirement for a well balanced mixture of radionuclides 
whereby the multielement capacity can be fully utilized. In addition, the application 
of RNAA requires information about the sample composition in order that the 
radiochemical separation procedure can be properly designed [Hey 84]. All the above, 
plus the destructive nature of RNAA leave INAA in an advantage position for the 
determination of elemental composition and concentrations of short and long-lived 
isotopes in a comparatively short period of time.
The investigation of reference materials available to analysts in terms of homo­
geneity concentrations and representation are not stringent and comprehensive, espe­
cially when it comes to analysis by INAA. Bowen’s kale, [Bow 65], is used here as 
an example. The suitability of Bowen’s kale as a multielement reference material 
lies in the number of elements present in the matrix as well as the good energy 
separation of the emitted gamma-rays when the material is activated by reactor neu­
trons, not to mention the reasonable cost of the material compared to other stan­
dards. However, the disadvantage of using Bowen’s kale reference material is that 
the concentration values of its composite elements lack certification, unlike those pro­
vided by the National Bureau of Standards, NBS, and the International Atomic 
Energy Agency, IAEA. Alternatively recommended values for some elements are 
given, [Mur 85], as shown in table 7.1, with a minimum recommended mass of 100 
mg to be used for analysis.
One of the studies which involved Bowen’s kale is that of Heydom et al.. , [Hey 
80], where the vanadium content of the standard reference material, SRM 1571 
Orchard Leaves from the NBS was investigated and compared to that in Bowen’s
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Element conc.Mg/g Error% T
Ag 0.33 25 NCAl 39.9 34 I
As 0.131 33 I
Au 0.00205 33 I
B 49.0 13 R
Ba 4.86 16 IBr 24.9 9.9 R
C 448000 6.8 I
Ca 41060 5.4 R
Cd 0.889 28 I
Ce 0.210 NC
Cl 3560 12 RCo 0.0632 17 R
Cr 0.369 27 I
Cs 0.0763 7.7 R
Cu 4.89 13 R
Eu 0.00665 NC
F 5.87 17 RFe 119.3 12 R
Ga 0.0267 8.1 I
H 56800 NC
Hg 0.171 16 RI 0.137 NCIn 0.00062 3.2 I
K 24370 6.0 RLa 0.0864 15 R
Li 1.56 NCLu 0.02 NC
Mg 1605 11 RMn 14.82 11 RMo 2.27 16 R
N 42790 3.4 R
Na 2366 12 R
Ni 0.895 12 R
O 397000 NCP 4480 3.6 R
Pb 2.49 23 I
Rb 53.4 10 R
Ru 0.0045 NC
S 15560 14 RSb 0.0685 21 I
Sc 0.00948 NC
Se 0.134 15 I
Si 249 29 I
Sm 0.067 NC
Sn 0.221 NC
Sr 75.5 39 I
Th 0.0104 9.8 I
U 0.0117 23 I
V 0.386 15 R
W 0.0606 11 NC
Zn 32.29 8.5 R
I = indicated concentration
R = recommended concentration
NC = non-certified concentration (information value)
Table 7.1 Elemental concentrations in Bowen’s kale.
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kale, [Bow 75]. The method used was RNAA with pre- and post- irradiation chemi­
cal separation. The study concluded that the certified value of vanadium in the NBS 
Orchard Leaves, SRM 1571, was far from representative when measured by RNAA, 
unlike Bowen’s kale which was found to be more suitable for comparable analysis. 
Another study on the concentration of vanadium in Bowen’s kale was carried out by 
Damsgaard et al., [Dam 72], employing NAA with pre-irradiation chemical separa­
tion who found the mean value of vanadium concentration in the kale was 332 ppb 
± 3.3 % against a recommended concentration value of 386 ppb ± 15%. Guinn and 
Hoste, [Gui 78], investigated four reference materials including Bowen’s kale for the 
elemental content of 28 elements of interest to biological studies,CAs, Be, Ca, Cd, Cl, 
Co, Cr, Cu, F, Fe, Hg, I, K, Mg, Mn, Mo, Na, Ni, P, Pb, Sb, Se, Si, Sn, Tl, U, V and 
Zn). Radiochemical separation and INAA were employed and found that the concen­
tration of 23 of the above elements were determined with high precision (relative 
standard deviation ^ 4 % )  whereas 7 elements were determined with such precision 
using INAA. A study by Akanle, [Aka 87], on Bowen’s kale reference material by 
INAA was also performed and sampling constants were obtained for Co, Cr, Fe, Sc, 
Se, and V and found to be well above the 100 mg recommended mass (166 mg for Sc 
to 795 mg for Cr). In general, more investigations are required for characterising 
Bowen’s kale or any other reference material regarding its elemental content and the 
mass of the material required for higher accuracy comparative concentration determi­
nations.
7.3. Mass fractionation
Neutron activation analysis, unlike other analytical techniques, has the capabil­
ity of analysing samples of broadly varying sizes. However, sample size can be 
affected due to its elemental content and hence the induced activity. The excessive
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activity that results in high count rate and high dead-time means that restrictions on 
sample size should be imposed in order to enable the detection electronics to cope 
with their generated activities. Such a problem may be encountered when geological 
and some biological materials are activated by reactor neutrons. For illustration, two 
samples of air particulates deposited on an air filter of the University’s ventilation 
system were collected, the weights of the samples were 16 mg and 50 mg. The sam­
ples were irradiated in the cyclic activation system for 10s, cooled for 2s and counted 
for 10s for 10 cycles. The dead time was measured for each cycle and plotted versus 
the cycle number as illustrated in figure 7.1, where the smaller sample contributed 
considerably less dead time than the large sample.
X10'
Simg
I
No. of cyc les
F i g .7.1 The v a r ia t io n  of the dead-time with the 
sample s iz e  and the number of cyc les  in  
the c y c l ic  a c t iv a t io n  system.
For reference materials, usually masses of 100 - 250 mg are recommended as
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minimum weights representing the whole of the material. For example, the recom­
mended mass for IAEA-soil-5 reference material, the minimum recommended weight 
is 100 mg. However, when this sample mass is irradiated under the above condi­
tions, a 100% dead time is reached during the third cycle resulting in paralysis of the 
detection system. If the size of the sample is reduced in order to solve the problem, 
then the sample may not be representative of the material, as some elements of 
interest can be present in minute concentrations and therefore erroneous results may 
be obtained.
Dead time can be corrected when it is not very high ,(<=  25 %). On the other 
hand correction for dead time exceeding 25% or 30% in some cases may not be appli­
cable, using the apparatus associated with the CAS system at present, as the energy 
peaks tend to broaden and the overlapping of two or more peaks may occur. 
Nevertheless, research carried out by Westphal on high count rate spectrometry has 
resulted in the production of electronics that can cope with upto 350000 counts per 
second of Cs-137 [Wes 88].
Mass fractionation is considered as an alternative option to solving the dead 
time and the representative mass problems. This concept of sampling involves divid­
ing the sample mass into smaller sub samples, or fractions, prior to irradiation. 
After counting and recording the spectrum of each fraction, correction for dead time 
and pulse pile-up takes place. The spectra of the fractions are then summed-up to 
provide an integral spectrum of the whole sample.
Mass fractionation was applied to Bowen’s kale as it can be very active when 
irradiated by reactor neutrons incurring high dead time, reaching 100% when irradi­
ated for approximately five minutes and counted shortly after the end of irradiation. 
Fourteen elements were investigated by mass fractionation comparing results from
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small fractions and large fractions for two irradiation conditions.
7.3.1. Sample Preparation
Bowen’s kale was mixed in its container using a clean polyethylene spatulum in 
a clean room environment. Fifty clean polyethylene irradiation capsules CCAS cap­
sules) were weighed and placed on a clean plastic tray covered by paper tissue and 
then placed in a laminar flow hood. Sampling the kale was performed using a clean 
polyethylene spatulum using its comer to collect fifty samples of an average weight 
of 5.64 ± 2.35 mg. Another ten samples with an average weight of 31.19 ± 8.2 mg 
were also collected in the same way. Sample weights were chosen to be well bellow 
the minimum recommended mass to enable a study of the homogeneity of the sam­
ples as the dead time was expected to exceed 50 %. No sample with mass equal to 
the recommended 100 mg was prepared. The samples were placed in the irradiation 
capsules upon collection and weighed later. Two empty irradiation capsules were 
used as blanks to eliminate contributions from the background and the capsule com­
posite materials.
7.3.2. Sample irradiation and counting
Irradiation of the Bowen's kale samples took place in the CAS system, applying 
one-shot irradiation, under two irradiation conditions. All the samples including 
two blanks were loaded on the CAS system to be irradiated in the aluminum tube 
and counted by the Ge(Li) detector associated with the CAS system. The conditions 
for the first irradiation, A, were 60s irradiation 30s decay and 60s counting, no 
cycling of the sample was involved. The spectra from each of the 60 samples and 
the two blanks were collected and recorded individually as mentioned in previous 
chapters. The second irradiation, B, was performed on the same samples a week later
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by irradiating the samples for 300s and counting for 290s allowing 10s for writing 
the spectrum on the disk before the arrival of the next sample. Minimum decay 
(0.3s) was allowed before counting this time. The spectra from the samples were 
collected in the same way as above and spectral analysis took place.
7.4. Spectral analysis and results
The gamma ray spectra were analysed by the SAMPO spectral analysis pro­
gramme in the following fashion :
The spectra of irradiation condition A were analysed as the first spectrum 
representing the first fraction. The sum of the first and the second spectra represent 
the sum mass of the first two fractions, and the sum of the first three spectra to 
represent the sum mass of the first three fractions, and so on till the 50 spectra from 
the 50 fractions, each of 5.6 mg, are obtained.
The same procedure was applied for the 10 samples of the 31 mg fractions. For 
spectra collected for irradiation condition B, the identical spectral manipulation as 
above was performed.
Handling data this way requires a huge file space on the mainframe computer 
which can be a difficult task to acquire. However, obtaining the spectra as described 
enabled monitoring the growth of activity with the increase of mass for upto 
approximately 300 mg without encountering dead time problems or lack of homo­
geneity according to the minimum recommended mass of the material.
The test of mass fractionation and the homogeneity of Bowen’s kale was per­
formed by obtaining the counting sensitivity of each gamma line (ie. counts per mg 
of sample) for samples with total masses of 23 mg, 100 mg and 300 mg. For each 
mass a pair of measurements in counts/mg were obtained and denoted by S and L for
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small fractions and large fractions respectively. Measurements denoted by S are for 
sample mass composed of a number of 5.64 ± 2.35 mg fractions. The measurements 
denoted by L are for samples composed of a number of 31.19 ± 8.2 mg fractions. 
For example the mass of 23 mg , composed of 4 fractions of 5.6 mg was denoted by 
S and obviously one fraction weighing 23 mg was denoted by L, and the 300 mg 
measurements were for 50 small fractions , S, and 10 large fractions, L. Table 7.2 
and table 7.3 show the variations in counting sensitivity of measurements obtained 
by mode A and mode B of irradiation respectively. From the tables it is obvious that 
for all elements, apart from Cu in table 7.3, the measurements obtained by summing 
the spectra of the small fractions gave higher counting sensitivity than those of the 
larger fractions, especially for Sb, Mg, Se and V where the differences exceeded 100% 
for Mg and V and no results were obtained for Sb and Se for the large fractions. 
These differences can be attributed partially to the sample-detector geometry. For 
small samples such as 5mg, due to the sample agitation when ejected into and out of 
the reactor, the sample spreads over the walls of the irradiation capsule increasing 
the solid angle subtended by the detector and therefore enhancing the detection and 
reducing the self attenuation within the sample to a minimum. This does not happen 
to the same magnitude for the large fractions as the powder tends to remain in the 
bottom of the capsule reducing the solid angle and increasing the self attenuation. 
The other effect on the large fractioned sample is due to the flux gradient in the sam­
ple. Bowen’s kale contains 49 /xg/g B and 0.9 f^g/g Cd which may act as neutron 
absorbers, resulting in reducing the neutron flux flow through the sample.
Tables 7.2 and 7.3 also show that the 300s irradiation and 290s counting 
(mode B) gave higher counting sensitivity with lesser counting errors than these 
obtained via mode A. This is attributed to the increase in the induced activity and
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>ïo. Element
1
Isotope Energy Frac. (23 rag) (100 rag) (300 rag)
(kev) size c/mg SD.S. c/mg SD,K c/mg SD,R
1 Antimony Sb-124 60.2 d 602 s
ND - ND - 1.75 12^4
L NO - ND - ND -
2 Bromine Br-ao 17.6 a 617 5 ND - 2.16 19.0
2.36 16.4
L ND - 1.09 18.7 1.05 13.9
3 Calcium Ca-49 8.72 a 3083 S ND - 6.02 2.9 5.96 2.2
L 5.65 5.4 4.45 1.8 6,03 1.8
4 Cl-38 37.2 m 2167
S 6.21 8.2 6.93 3.9 6.95 2.0
L 6.32 7.4 5.01 3.8 6.12 2.4
5 Magnesium Hg-27 9.45 m 1014 S
& - 2.55 11.8 2.95 4.6
L 2.09 15.7 1.64 13.8 1,73 10.8
6. Manganese Mn- 56 2.58 h 1810
S ND - 0.66 6.5 0.71 7.6
L ND - 0.51 20,7 0.51 9.4
7 Pottassium K-42 12.36 h 1524 S
ND - ND - 0.94 17.7
L ND - 1.04 10.3 0.97 6.6
8 Rb-86 m 61.1 S 556 S
& - 3.62 11.4 5.49 15.5
L 5.65 15.9 3.92 9.8 4.39 8.9
9 Sm-lSS 23.5 m 141
S ND - ND - 1.43 11,2
L ND - ND - ND -
10 Selenium Se-177*" 17.4 161 S
ND - 2.93 8.6 4.11 7.7
L ND - ND - ND -
11 Sodium Na-24 14.97 h 2753 S 2,28 11.9
2.17 7.3 2.13 4,1
L 2.09 24.0 1.42 5.0 1.95 2.6
12 V-S2 3.76 m 1433 S 3.75
16.8 4.60 5,7 4.79 4,2
L ND - 1.14 13.3 1.22 9.4
• recomraended mass.5 sample masses in multiples of 5.6 d: 2,4 mg fiactions.L sample masses in multiples of 31.2 ^  6.2 mg fractions.6 poor peak fit, hence dropped.
Table 7.2 D etection  s e n s i t i v i t y  in  counts/mg of Bowen's kale
reference m aterial for  irrad ia t ion  conditions A a f ter  
1 min ir r a d ia t io n ,  30 s decay and 1 min counting.
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». Element Isotope T,, Energy Frac.
'(23 mg) (100 mg)* (300 mg)
(kev) size c/mg SD.JJ c/mg SD,* c/mg SD,S
1 Antimony Sb-124 60.2 d 602 S ND - 5.69 21.2 10,0 8.6
L ND - ND - ND -
2 Bromine Br-80 17.6 m 617 S 54.46 13.1 67.96 7.7 69,12 8.6
L 61.09 8,5 41.02 5.8 46,49 7.9
3 Calcium Ca-49 8.72 m 3083 5 120.5 1.1 119.8 1.2 117.7 1.2
L 127.6 1.9 98.3 1.0 119.3 1.3
4 Chlorine Cl-38 37.2 m 2167 S 170.5 1.8 165.8 1.1 166.3 0.9
159.0 2.2 123.5 1.9 145.2 2.1
5 Copper Cu-66 5.1 m 1038 S ND - ND - 4.5 16,6
L ND - 5.19 9.8 2.3 19,1 \
6 Magnesium Mg-27 9,45 m 1014 5 66.96 2.1 59.47 2.3 62.39 2,0 1
L 25,86 2.2 & - ‘24.33 1.9
7 Manganese Mn-56 2.58 h 1810 S 16.61 4.3 17.30 2.6 20.28 1.7 (
L 12.59 4.7 8.83 3.9 10.52 1,5 ;
8 Pot Vassium K-42 12,36 h 1524 S 27.68 5.7 23.03 5.4 23.64 2,7 :
L 25.06 7.3 20.41 5.3 26,01 2,0 ^
9 Rubidium Rb-86 m 61.1 s 556 S 25.18 13,1 27.12 13.0 27,26 9,4
L 25.02 16,8 20.51 11.2 24,56 9,0 ;
10 Samarium Sm-155 23.5 m 141 S ND - ND - 6,10 22,0 ;
L ND - ND - 3,19 5.0 !
(Selenium Se-77 m 17,4 s 161 S 29.11 36.9 11.87 13.2 14,7 7.2 :
L ND - ND - ND - i
12 Sodium Na-24 14.97 h 2753 S 55.36 2.9 52.09 1.6 52.46 0.7 1
L 53.14 2,9 41,33 1, 4 49.69 0.6 j
13 Sulphur S-37 5,05 m 3102 S ND - 1,64 7.4 1,87 4.1 1
L ND - ND - 1.62 6.8 j
14 Vanadium V-S2 3,76 m 1433 S 50.89 5.0 58.44 2.0 62.74 1.4 !
L I 25.44 7,6 15.71 3,8 16.86 3.9
• recommended mass.S sample mass were multiples of 5.6 t  2.4 mg fractions.L sample mass were multiples of 31,2 ^  8.2 mg fractions. 4 poor peak fit, hence dropped.
Table 7.3 d etect ion  s e n s i t i v i t y  in  counts/mg of Bowen’s kale for ir ra d ia t io n  
condition  B, a fter  5 min ir ra d ia t io n  and 290 s counting.
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the better counting statistics. In addition Cu, S and V were detected in mode B.
This study of mass fractionation shows that the technique is successeful and 
efficient for the activation of samples that produce high activity. Moreover, the 
smaller the fractions the better the detection sensitivity. However, the drawbacks of 
this method lie in the time required for preparing and irradiating the samples and in 
the data handling. In the cases of extremely hot samples mass fractionation stands 
as the only means of sampling by INAA.
From tables 7.2 and 7.3 an indication of the homogeneity of Bowen’s kale can be 
extracted from the values of the counting sensitivity.
7.5. The sampling factor, Ks
Prior to analysis, sampling of a material is the means of obtaining part of the 
material which is expected to give its full characteristics. Such a sample is called 
representative of the material. Analysing representative samples of a material 
should yield uniform results regarding elemental concentrations of the composite ele­
ments, this is when the samples are said to be homogeneous.
Sample homogeneity is one of the most difficult problems that the analyst 
encounters as most of the bioenvironmental materials are hardly homogeneous. Sam­
pling a reference material is no exception, therefore samples have to be representa­
tive with respect to matrix composition, trace element level and physicochemical pro­
perties, As refered to by de Goeij et al. [Goe 78], for reference material, no other 
material should contribute significantly to the concentrations of the certifiable ele­
ments. He also added that the adequacy of a reference material for some trace ele­
ments does not ensure its adequacy for other elements. In other words the minimum 
representative mass suggested for reference materials may not be capable for obtain­
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ing uniform results for all certified elements.
As an approach to solving this problem Ingamells and Switzer [Ing 73] proposed 
a quantitative expression of the homogeneity of a reference material and denoted it 
by the sampling constant Ks. As defined by Ingamells et al., the sampling constant 
is the number of grammes needed to achieve a sampling standard error of one per­
cent. Another definition of the sampling constant was expressed by Heydom [Hey 
84] as the mass of the material needed to reduce the contribution from sample hetro- 
geneity to one percent. The sampling constant is obtained from the analysis of repli­
cate samples, via statistically controlled experiments and expressed as
Ks = R^m (7.1)
where R is the relative standard deviation, in percent, from the mean value of a
number of determinations, and m is the mass of one leplicate. In other words from
the rœults y,- of n determinations on samples of equal weights, Ks becomes
(7.2)
where y is the mean result of the n determinations. Taking the experimental uncer­
tainty into account the sampling constant is then given by
(7.3)
where cr^ is the estimated analytical variance. The sampling constant was applied to 
the investigations of the vanadium levels in NBS Orchard Leaves SRM1571 carried 
out using pre-irradiation radiochemichal analysis [Hey 80]. Applying INAA for 
determining the sampling constant for trace and essential elements requires a 
different approach as the experimental uncertainties vary from those of RNAA. 
Therefore, replicate analysis was performed in a different way regarding the spectral 
analysis.
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Bowen’s kale spectra from the fifty replicate samples weighing 5.64 ± 2.35 mg 
were summed to get a function of the activity build-up with mass, as they increase 
from 5.2 mg to 282.1 mg, as mentioned previously. From the determinations of the 
detection sensitivity in counts/mg of Bowen’s kale as the mass and spectra were 
summed up, the mean value of the sensitivity determinations and their standard 
deviations were obtained for the elements (Br, Ca, Cl, K, Mg, Mn, Na, Rb, S, Se, Sm 
and V). It is appreciated that the smaller the mass of the sample, the less it is 
representative, as proven previously that mass fractionation using small fractions 
gave better overall sensitivity in terms of counts/mg of sample than those of larger 
fractions. Accordingly, it is found that for elements available in low concentrations 
such as Se smaller masses made up of the first six fractions (upto 33 mg) the 
counts/mg decreased from 32 for the second fraction to 17 for the fifth fraction . 
The average sensitivity for Se was 134 c/mg. This effect was found to be less 
significant as the concentration of the element increases.
The Ks values for the above elements were obtained by applying equation (7.2) 
using the fifty determinations of counts/mg of sample, which represent the concen­
trations, by summing the replicate masses and their corresponding spectra. The m 
value in the equation becomes the average mass of the replicates used and the Ks 
value is now denoted by the sampling factor. The values of the sampling factor are 
presented in table 7.4. The table also shows that the smaller the standard deviation 
the more homogeneous the material and hence the smaller the representative mass. 
In fact the variances of the sensitivity determinations in table 7.4 were found to be 
proportional to the sampling factor i.e.
0-2 a Ks (7.4)
The least square fitting of the variance with the sampling factor yielded a straight
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Element SD% __Ks (mg)
Br 5.77 184Ca 1.69 17Cl 1.88 20K 8.36 393Mg 5.71 184Mn 8.52 424
Na 4.0 90Rb 4.35 105S 7.65 331Se 7.65 331Sm 6.83 269V 10.28 593
Table 7.4 Values of the sampling factor for Bowen’s kale reference material.
line, figure 7.2. The slope of this line is the constant of the above proportion which 
is the inverse of the mean mass of the replicates which can be expressed as the homo­
geneity constant. Thus
0-2 = 0.1766 Ks (7.5)
where o- is the percentage standard deviation.
7.6. Application to fingernails
From the elemental concentration values in fingernail presented in table 5.3 a&b 
the sampling factors for Au, Br, Cl, K, Mg, Mn, Na, Rb, S, Se, V and Zn were calcu­
lated according to equation (7.2).
The differences between the determinations of the Ks values Bowen’s kale and 
those of fingernails are in the different irradiation systems and the irradiation condi­
tions applied to the latter.
Fingernails are subjected to frequent cleansing and contamination cycles in 
addition to the fact that the excretion rates of the different elements differ with time, 
as mentioned in chapter 5. Fingernail should not therefore be considered as
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homogeneous. As a result the values of the sampling factor for the different ele­
ments were found to be very high, as listed in table 7.5. Those values should not be 
considered unusual since for the NBS standard reference material orchard leaves 
(SRM 1571) was found to have a Ks factor of 19g for vanadium [Hey 80].
Element Ks (e)
Au 53.0Br 5.6Cl 1.1K 8.5Mg 1.4Mn 3.1Na 18.1Rb 0.082S 4.5Se 191.0V 1.9Zn 4.9
Table (7.5) Ks values in grams for fingernail analysis
Therefore, fingernails must be accepted as inhomogeneous materials for analysis with 
regards to the difficulty in acquiring the large representative masses which are 
required.
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THE ’CHERNOBYL’ MEASUREMENTS
8.1. Introduction
The occurrence of the Chernobyl accident prompted worldwide concern about 
its effect on human and animal health as well as the effects on the environment. 
Countless numbers of investigations and measurements were carried out since the 
occurrence of the accident in 1986. Some of the early investigations, soon after the 
accident, are those presented in this study which fall into two categories; human 
measurement and environmental measurements.
Following British government concern about the safety of British students who 
were in Russia when the accident occured, all students were called back to the U.K. 
Monitoring the students returning from Russia took place upon their arrival at 
Heathrow Airport by the National Radiological Protection Board (NRPB) and other 
interested government bodies. Among these students were the University of Surrey 
Linguistics Department students. These students, numbering 20, were also moni­
tored in the Department of Physics. Measurements were performed for the thyroid 
region, mainly to detect and the thorax region was also monitored for fission 
products, in particular ^^ "^ Cs .
Environmental monitoring was performed on a wider scale worldwide. How­
ever, in this study, environmental monitoring was confined to air particulate analysis 
in the London area. Air filters, from ventilation systems, were monitored for the 
presence of fission products conveyed by the radioactive cloud coming from Cherno­
byl.
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8.2. The accident
On 26 April 1986 at 01:23 hrs the Chernobyl reactor accident happened at unit 
number four of the Chernobyl nuclear power station in the Ukraine, Soviet Union. 
The reactor was an RBMK, graphite moderated, pressure tube type reactor, cooled by 
light water. Detailed information on the sequence of events that led to the accident 
is found in the IAEA post-accident report [lAE 86]. The accident started when the 
reactor operators overrode the automatic control of the reactor and overruled the 
safety regulations by restricting the coolant circulation and the number of control 
rods embedded in the reactor core, as part of an experiment. As a result the reac­
tivity increased, the reactor overheated and as the coolant was restricted and the 
reactor tripping mechanism was disabled, pressure in the reactor core started to build 
up. The reactivity further increased and the power peak reached 100 times the nomi­
nal power within four seconds. From the energy released in the fuel and the steam 
build up, a steam explosion occurred as some fuel fragments from a ruptured fuel 
element came into contact with the steam. This resulted in shifting the 1000 tonne 
reactor vessel causing the cooling channels to be cut off. More steam was thus gen­
erated and another explosion took place. Hot pieces from the reactor core were 
ejected out of the destroyed reactor containment building, and substantial quantities 
of radioactive materials started to escape out of the plant into the atmosphere. The 
contact of air with the hot reactor core led to the burning of^the graphite moderator 
[lAE 86].
8.3. Release and deposition of rad ioactiv ity
The high temperature in the reactor core, during the release, substantiated a 
plume which rose to over a kilometer in height. Dispersed radioactivity, by diffusion 
and by wind transportation took place at different heights according to the size of
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the aerosolized materials [ WHO 86 ].
The inventory activity of the Chernobyl unit 4 core at the time of the accident 
was 4xlO^^Bq ( lO’Ci). The isotopic composition of activity is shown in table 8.1. 
About 10-20 % of the volatile radionuclides, I, Cs and Te were expelled from the 
fuel, whereas 3-6 % was the release from the more refractory radionuclides such as 
Ba, Sr, Pu and Ce [lAE 86].
Elcmeni Half-life
(d)
Inventory*
(Bq)
Percentage
released
85-Kr 3930 3.3 X lO'* -1 0 0
133-Xe 5.27 1.7 X lO’® -1 0 0
131-1 8.05 1.3 X 10'® 20
132-Te 3.25 3.2 X 10 15
134-Cs 750 1.9 X lO” 10
137-Cs 1.1 X 10“ 2.9 X 10 13
99-Mo 2.8 4.8 X lo'* 2.3
95-Zr 65.5 4.4 X 10'* 3.2
103-Ru 39.5 4.1 X lO'* 2.9
106-Ru 368 2.0 X 10 2.9
140-Ba 12.8 2.9 X 10'® 5.6
141-Ce 32.5 4.4 X lO'® 2.3
144-Cc 284 3.2 X id '® 2.8
89-Sr 53 2.0 X 10'® 4.0
90-Sr 1.02 X 10“ 2.0 X 10 4.0
239-Np 2.35 1.4 X 10'" 3
238-Pu 3.15 X 10“ 1.0 X 10*-' 3
239-Pu 8.9 X 10* 8.5 X 10 3
240-Pu 2.4 X 10* 1.2 X 10 3
241-Pu 4800 1.7 X lO'^ 3
242-Cm 164 2.6 X 10'* 3
* Decas corrected lo 6 May 1986 and calculated as prescribed by the Soviet experts.
Table 8,1 RBMK reactor core inventories and total releases.
The variable directions of the winds during and after the accident caused the 
dispersion of the radioactive plume throughout the USSR and other northern and 
western European countries. As a result, two of the worst affected places in the 
USSR were the Ukrainian cities of Kiev which is 100 km south of Chernobyl, and
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Minsk which is 330 km northwest, and in the direction of the radioactive plume. 
Radioactivity from Chernobyl was detected in the United Kingdom, 2000 km away, 
on 2 May 1986, almost a week after the accident had started on 26 April 1986 [DOA 
86]. In the U.K, the worst affected areas by the radioactivity fallout from Cherno­
byl, were those of Wales and Cumbria. However, measurements of radioactivity 
throughout the U.K. were carried out for public safety, as well as for obtaining 
detailed evaluation of the fallout and its effects on man and environment.
8.4. Exposure and Subjects
Twenty students from Surrey University were on a Russian language course, 
based in Kiev and Minsk, the worst hit cities by the Chernobyl fallout. These stu­
dents, as well as the whole world, were not informed about the accident as it occured 
on 26 April 1986, instead the Russian news media acknowledged the occurrence of 
the accident at Chernobyl nuclear power plant two days later on 28 April [WHO 
86]. The students, therefore may have been exposed to significant levels of radioac­
tivity before any countermeasures were taken.
The exposure of man and animal resulting from atmospheric contamination by 
radioactive substances takes place via different pathways, in particular:
i) External exposure from a radioactive cloud.
ii) External exposure from radioactive substances deposited on the ground.
iii) Internal exposure from the inhalation of radioactive substances suspended in air.
iv) Internal exposure resulting from the ingestion of contaminated food or drink.
The radiation exposure of the students in this investigation was more likely to 
have happened via the fimt of the three routes mentioned above.
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Exposure due to ingestion requires either surface contamination of food, which 
can be removed by washing, or through the uptake of the deposited radionuclide by 
the plant in which case it is generally difficult to remove such contamination. Moni­
toring radiocaesium and radioiodine was essential in this case, as they were released 
from the reactor core in high percentages C 33 % and 20 % respectively ), as shown in 
table 8.1.
The subjects were in the age between 18 to 25 years, out of whom, three were 
males. They were monitored in two groups as follows:
Group I =
13 subjects one of which was male. Monitoring these subjects for the thyroid 
and the thorax regions took place on 7 May 1986, ie. 11 days after the accident. 
Subjects 1 and 2 were based in Minsk when the accident occurred, the rest of the 
subjects in this group were studying in Kiev, USSR.
Group II =
7 subjects, 2 males, monitored on 19 May 1986 as the above group. All the 
subjects in this group were based in Kiev.
8.5. Thyroid  m onitoring
Thyroid monitoring ( or more precisely monitoring of the neck region ) of the 
subjects was carried out in order to detect ^^ I^ , which is mainly taken up by the 
thyroid gland via the exposure routes mentioned earlier.
8.5.1. Iodine and the thy ro id
The thyroid gland is a bilobed body located in the neck region. It produces thy­
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roxine and tri-iothyronic hormones which are responsible for regulating the meta­
bolic rate of the body. The gland weighs about 20 g in the healthy adult. It is made 
up of 20 to 40 million follicles per lobe, which contain the active ingredients of the 
hormones. The iodide content of the thyroid in the average normal adult is about 8 
mg [Sta 83].
Radioactive iodine ( eg. may be ingested, if it is particular, or inhaled when 
it is volatile. The whole body content of iodine was reported by the International 
Commission on Radiological Protection (ICRP) to be approximately 11 mg, with an 
average daily intake in food of 0.2 mg [ICR 75]. 30 % of the ingested iodide that is 
absorbed across the small intestine is trapped by the thyroid within 1 to 2 hours 
after ingestion and used up for synthesising the thyroid hormones. The iodine reten­
tion in the thyroid is assumed to have a biological half-life of 120 days. It leaves 
the organ in the form of organic iodine, which is assumed to be uniformly distri­
buted among all the organs and tissues of the body, other than the thyroid, and to be 
retained there with a biological half-life of 12 days [ICR 79].
Reduction of accidental intake of radioiodine is most effective when an oral dose 
of 20 to 200 mg of stable iodide compound (eg. potassium iodide) is administered to 
the system resulting in filling the iodine space with stable iodine and hence the 
radioactive iodine will be excreted [Sta 83].
8.5.2. Apparatus and measurem ent
The monitoring system for the neck region comprised a 77 mm diameter x 77 
mm Nal(Tl) detector, which had an intrinsic efficiency of 40 % at 364 keV; the full 
energy photopeak of I . The detector was inserted in a lead block measuring 200 
mm long, 200 mm wide and 180 mm deep, for shielding purposes. The signal from 
the detector was amplified and fed into a Canberra series 35 multichannel analyser,
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with a preset region of interest at 364 keV of I. The limit of detection was calcu­
lated as 2 VB*, where B is the background count underlining the photopeak. For
a 100 second count, the limit of detection was 8 ± 2 Bq.
Monitoring the neck region was performed by seating the subject on a chair, 
which was height adjustable, placing his or her chin on the upper side of the shield 
by leaning forward in such a way that the base of the neck was against the centre 
axis of the detector, and the neck was as close as possible to the detector. Figure 8.1 
illustrates the neck monitoring system and the positioning of the subject. The aver­
age distance measured between the neck and the detector was 60 mm. Counting the 
gamma-ray emission of at 364 keV, from the neck region was performed for 100 
s per subject. The peak area count of the peak as well as the background under­
lining the photopeak from the subject of the two groups were recorded. A number of 
the Physics Department members were also monitored as controls. Eight controls 
were monitored with group I, and four w ith group II.
Lead shield
Kal(Tl) detector
Fig.8.1 The thyroid monitoring set-up.
In order to translate the ^^ I^ counts obtained for the thyroid, the attenuation of
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the gamma-ray in the intervening tissue, and the efficiency of the detector for a dis­
tributed source must be compensated for. Therefore, an IAEA neck phantom con­
taining an "^I capsule with 180 KBq of activity was used as a reference. This neck 
phantom was made of wax which simulated the bulk of the neck, the wax was con­
tained in a plastic cylinder, the wall of which was 6 mm thick, and is assumed to 
simulate the skin surrounding the neck and its fat lining, as shown in figure 8.2. The 
neck phantom was placed 60 mm away from the detector and counted for a 100 s. 
The counts of the subject’s thyroids were converted to activities with reference to the 
IAEA neck phantom.
8.5.3. Calculation of the thy ro id  ac tiv ity  and the effective dose equivalent
The activity in the thyroid of subjects was calculated by comparison to the 
activity of the IAEA neck phantom by applying the following equation ;
(8.1)
where Ap and were the activities of in the phantom and the region of the 
subject respectively, and Cp and Q  are the corresponding number of counts to the 
phantom and the subject respectively.
Since the value was constant for the phantom, this can be denoted by F,Cp
therefore,
As — P.Og (8.2 )
This equation was used for obtaining the activities in the thyroid of the subjects.
The dose equivalent on the day of the measurement was calculated for the thy­
roid making use of tabulated data of doses from the intake of radionuclides which 
was compiled by the NRPB [Gre 85]. The NRPB compilation provides the absorbed
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Fig.8.2 Schematic diagram of the IAEA neck phantom,
(a) side elevation (b) overhead view
dose in Gy per Bq of activity from a specific radionuclide over a period of intake for 
a particular organ C eg. thyroid). The dose calculations presented in this study 
assumed that the subjects intake of iodine-131 took place over the period from the 
commencement of the accident on 26 April to 2 May, the day when they left Kiev 
and Minsk. From the table the conversion factor for oi.e week intake of 1-131 by the 
thyroid was l,2xlO“ '^Gy/Bq . Therefore the absorbed dose for a given activity
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becomes
D =1.2x10-'^ (8.3)
The dose equivalent in Sieverts (Sv) is denoted by:
DE^DQN (8.4)
where
D is the absorbed dose in the thyroid over a period of 1 week assuming that the 
thyroid weighs 20 g and the iodine was taken up by inhalation [Gre 85].
Q is the quality factor for the gamma radiation which is equal to one in this case.
N is the product of all other modifying factors specified by the ICRP, such as
absorbed dose rate and fractionation. As assigned by the ICRP the value of N is 
equal to one [ICR 77],
The dose equivalents in the thyroid were calculated as on the day of measure­
ment.
8.5.4. Results and discussion
The activity in the thyroid of the subjects from group I and group II and the 
dose equivalent in ^tSv are presented in table 8.2.
The values of activity presented in the table are the values of the day when the mon­
itoring was performed. Therefore, group I shows higher activities than those in group 
II as their monitoring was performed 12 days earlier. From the table, it is clear that 
subjects IF and 2F from Minsk have higher activity in the thyroid, compared to the 
subjects from Kiev. This is consistent with the World Health organisation’s report 
that the radioactive plume passed through the northwest of Chernobyl, which 
included the city of Minsk [WHO 86]. Subjects number 9F and 13M, who have rela­
tively lower activity than the majority in group I, stated that they had stayed
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Group Subject
number
Place of stay 
in USSR
Activity 
(Bq)± 22%
DE 
fiSv ± 22%
IF Minsk 3970 433
2F Minsk 3070 367
3F Kiev 1560 1864F Kiev 1560 186
5F Kiev 1040 1236F Kiev 670 80I 7F Kiev 1040 123
8F Kiev 1210 147
9F Kiev 590 70lOF Kiev 740 90IIF Kiev 590 7012F Kiev 1220 14713M Kiev 740 90
X ±SD 1370 ± 940 162 ± 109
14F Kiev 360 4315F Kiev 280 3316F Kiev 470 57II 17F Kiev 750 9018M Kiev 440 5319F Kiev 460 57
20M Kiev 450 53
X ±SD 460± 130 55 ± 16
Table 8.2 Activity in the thyroid of subjects returning from USSR, after the 
Chernobyl accident. Group I monitoring was on 7 May 1986, whereas Group 
II monitoring was on 19 May 1986,
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Indoors during the first two days of the accident, whereas the others were not certain 
how long they had spent out of doors and how long indoors. Monitoring 8 controls 
for group I showed a mean activity value of 20 Bq with a standard deviation of 15 
Bq. However, these values carry an inherent experimental error of 22 %. The mean 
activity value of the four controls associated with group II was 40 Bq with a stan­
dard deviation of 30 Bq, which is higher than the values of group I controls. This 
rise in the activity may be due to the uptake of radioiodine from the atmosphere and 
from the food chain especially milk as grazing cows took up the iodine deposited on 
grass [Web 86, Hil 86]. One of the controls of group I was monitored with group II 
and showed a rise in the thyroid activity from 15 Bq on 7 May to 100 Bq on 19 
May. This person indicated that his milk consumption was high, and was therefore 
excluded as a control for the second group. A frequency distribution of activity in 
the thyroid for group I is shown in figure 8.3.
A comparison in the frequency distribution of activity between the University 
of Surrey measurements, backdated to the 2 May 1986, with the NRPB measure­
ments, reported by Holliday et al. [Hoi 86], on the same day, figure 8.4, shows some 
agreement; however, the NRPB had monitored a greater number of students. The 
dose equivalent values shown in table 8.2 range from 33-433 Sv. The annual dose 
equivalent limit for members of the public is 5 mSv, as recommended by the ICRP 
[ICR 77]. To evaluate the effective dose equivalent for the thyroid, the dose 
equivalent should be multiplied by a weighting factor of 0.03. Consequently, the 
effective dose equivalent range for the thyroids of the subjects becomes 1-13 /x Sv, 
and the annual limit becomes 150 /xSv. This means that the dose in the thyroids of 
the students were between 0.7-8.7 % of the annual dose limit for the thyroid of a 
member of the public. Therefore, it can be said that the activity level in the thyroid
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Fig.8.3 1-131 Thyroid activity in University of Surrey students returning from 
USSR
of the subjects were safe and should give no cause of alarm.
The errors associated with the activity evaluation are due to the following :
- Positioning of the subjects against the detector.
- Individual differences in the size of the thyroid gland and the intervening tissue 
which result in variation in the attenuation and scattering of the radiation with the 
medium.
- Variations of the detector efficiency with the size of the source.
- An error associated with the activity of the calibrated source in the neck phan­
tom.
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Fig.8.4 Frequency distribution of 1-131 in the thyroid of the students returning from 
USSR, obtained by this work and those obtained by the NRPB.
- Counting statistics.
The use of the neck phantom did standardize the measurements to one reference, 
therefore maintaining constant variations between the individual measurement and 
minimising the systematic errors.
8.6. Chest monitoring
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Monitoring the chest region of the subjects was performed mainly to investigate 
the intake of caesium-137 radionuclide which has a long half-life (30 years). 
Caesium is one of the fission products that had a high release ratio from the Cherno­
byl reactor (see table 8.1). The likelihood that ^^ ^Cs was present in the subjects, 
mainly due to inhalation of the nuclide, was strong . Monitoring the chest region 
revealed the existence of Cs-137, in all the subjects. In addition to Cs-137 other 
nuclides were measured such as Zr-95, 1-131 and positron emitters giving rise to the 
annihilation peak.
8.6.1. Caesium uptake and metabolism
When caesium is taken continuously at a steady rate, its presence in the body 
and its excretion will increase accordingly. For an intake of 1 Bq of caesium-137 per 
day, the amount of Cs-137 lost per day will equal the amount taken in when the 
intake reaches about 130 Bq for adults, 60 Bq for a child and 30 Bq for an infant 
[Bai 87]. Following Cs ingestion, almost 100% of it will be absorbed by the gut into 
the blood stream, but when it is inhaled, the particulates will be transported to the 
bloodstream directly. The Cs-137 inside the body behaves very similarly to AT'*' as it 
is rapidly taken-up by cells. In general, tissue/plasma concentration ratios are the 
same for K'^ and however, variations between different species do exist. Cs'^ can 
replace to a degree, and at equilibrium, 50 % of the total body caesium will be 
contained in the muscle whereas 8 % will accumulate in the bone [Sta 83].
The retention of Cs-137 in man has two components. The first component w ith 
a biological half-life of 2 days, where 10 % of the administered activity is excreted 
mainly via urine. The second component with a half-life ranging from 50 to 150 
days, reflects the slow turnover rate in the muscle [Sta 83]. It is the contribution of 
the latter component that is important from the radiation protection point of view.
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8.6.2. Apparatus and measurements
The chest monitoring system consisted of a 128 mm diameter x 128 mm 
Nal(Tl) detector, that had an intrinsic efficiency of 36 % at the Cs-137 energy of 662 
keV. The signal from the detector was amplified and then fed into a Link System- 
based IK multichannel analyser, which was capable of storing the whole gamma 
spectrum on its floppy disk in under 3 seconds allowing later examination of the 
spectra acquired. The detector was mounted on a steel chassis without any sort of 
shielding in order to maximize the counting efficiency. The amplifier was set to meas­
ure gamma-rays of energies upto 1.2 Mev.
The limit of detection for a count of 100 seconds for the 662 keV of Cs-137 
was calculated as 2V^, where B was the background underlying the 662 keV peak. 
The calculation yielded a limit of detection of 6 ± 2 Bq.
On monitoring the subjects, the detector was placed against the chest of the sub­
ject, as symmetrically as possible around the level of the xiphisternum, as shown in 
figure 8.5. Counting the chest region was performed for 100 seconds per subject and 
the gamma-ray spectra were recorded. 9 controls were monitored with group I, and 
7 with group II. 5 background spectra of 100s each were also collected and reœrded.
8.6.3, Radioactivity in the chest region and its evaluation
Table 8.3 shows the radionuclides which were detected in the chest region of the 
subjects. Figures 8.6a & 8.6b show two gamma ray spectra in the chest region of 
two different subjects.
Information on the metabolism of iodine and caesium, one can ascertain that on 
the day of measurement of the first group, almost all the 1-131 was being emitted 
from the thyroid, and most of the caesium was emitted from the muscles and bone.
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Fig.8.5 The chest monitoring set-up.
radionuclide Energy (keV)
1-131 364
Annihilation 511
Cs-137 662
Zr-95 757
Table 8.3 Radionuclides detected in the chest region.
The assumption about the presence of radioactive particles in the lung can therefore 
be considered negligible. The radioactive source which was emitting annihilation 
radiation was unknown and could not be further investigated in this study. Little is 
known about zirconium; it metabolizes in two components, the long term com­
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ponent has been assumed to be associated with mineral bone and the short term com- 
ponenet with all other organs and tissues of the body. Thus 50 % of the zirconium 
entering the system will be translocated to bone where it is retained with a biological 
half-life of about 22 years and 50 % is assumed to be translocated to the other 
organs and tissue retained with a biological half-life of 7 days.
The evaluation of the activities in the chest region in this investigation was 
influenced by a number of variables. As the detector was bare, counts from all parts 
of the body, including the upper and lower limbs, were detected as the detector size 
was large and had a high efficiency. Attenuation of the gamma rays took place in 
different parts of the body with various degrees. Consequently, converting counts 
into activity for such a monitoring geometry requires values of the detectors absolute 
efficiency according to the various levels of attenuation of the distributed radionu­
clides. As an easy approach to reduce the effects of the above problems, the NRPB 
have adopted the use of a whole body phantom, filled with a particular radionuclide 
of known activity, as a reference [Bai 87]. The problem of using such a phantom lies 
in the fact that decontamination of the phantom and the disposal or storage of the 
activity, which is in liquid form is not an easy task within the University environ­
ment, and allocating a phantom for each radionuclide or group of radionuclides can 
be costly. Since such a phantom was not available to assess the activities in the chest 
region, another approach was taken towards evaluating the detector efficiency and 
accounting for the attenuation effect.
When gamma ray photons are attenuated in a medium, the number of events 
registered in the photo peak region are reduced as scattering and absorption take 
place, resulting in the increase of the number of events in the Compton scattering 
region. Therefore, the ratio of the scattered photons to the number of photons in the
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F i g .8,6 Gamma-ray spectra measured in the chest region;
(a) c o l le c te d  from subject 2F;
(b) c o l le c te d  from subject 6F.
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photopeak will give an indication of the distance of the source in the attenuating 
medium, with the scatter energy window normally set close to and of the same size 
as the full energy photopeak energy window. For this purpose a perspex tank 
measuring 300 mm long, 200 mm wide and 300 mm high, filled with 16 liters of 
water, was used to simulate the human chest. Water was used as the attenuating 
medium to provide similar average attenuation to that of human tissues and fluids 
[Eth 88]. The idea of this experiment was to move a calibrated point source of Cs- 
137 ( 3.7 X  lO'* Bq of activity) in the water tank in a scanning fashion and obtain the 
values of the scatter to peak ratio for each position. The water-filled tank was cen­
tred against the detector; three planes within the tank were scanned, each plane con­
sisted of 35 displacements of the Cs-137 source at 50 mm intervals across the length 
and width of the tank, figure 8.7. Counting of the 662 keV of Cs-137 was per­
formed for 300 seconds per point and the scatter to peak ratios were obtained for 
each point. These ratios are functions of the depth of the source in the water.
As the depth of the source in the tank increased, the scatter to peak ratio also 
increased. Fig.8.8 shows the variation of the scatter to peak ratio with depth in the 
water in plane II, row k. From the subject measurements, the scatter to peak ratios 
for the Cs-137 photopeak were obtained for each subject, after subtracting the 
annihilation peak from the spectrum. These values were equated to values obtained 
from the water tank ( the chest phantom ) measurements. The detector’s absolute 
efficiency was obtained for every ratio in the phantom that is identical to the 
subject’s ratio. By dividing the counts of the Cs peak by the corresponding absolute 
efficiency, the activities of the Cs in the chest region were obtained. The same con­
cept was applied to measure the activities of the annihilation peak and the Zr-95 
peak at 757 keV using the scatter to peak ratios of the Cs assuming that the change
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Fig.8.7 The points of measurements in the chest water-phantom.
in the ratios will not be very significant since the difference in the energy is within 
150 keV. Thus, the activities of the annihilation radiation and the Zr-95 were also 
calculated.
8,6.4. Results and discussion
Values of activities in the chest region for the of Cs-137, Zr-95 and the annihi­
lation radiation were assessed and are presented in table 8.4.
The caesium results show that the range of activity in the subjects was between 
180 and 1150 Bq, however 5 subjects had a Cs activity below the limit of detection. 
The range of activities from the annihilation radiation is between 210 and 2700 Bq, 
and for Zr-95 the range was between 140 and 2930 Bq. Subject number 6F had the 
highest activities of the 511 keV energy and the Zr-95, 757 keV, where the Cs and I 
activities were lower than the average values. Subject number 9F has the lowest
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Subject Cs-137 (662 keV) Ann. (511 keV) Zr-95 (757 keV)
number Act.(Bq)± e r r  Jo Act.(Bq)± e r r % Act.(Bq) ±  e r r %
IF 410 22 660 12 ND® -
2F 1010 11 930 11 ND -
3F 1200 9 250 32 820 10
4F 1140 10 270 26 140 33
5F ND - 1490 8 440 16
6F 400 29 2700 7 2930 7
7F ND - 610 13 420 1
8F . 860 11 210 37 880 9
9F 180 30 ND - ND -
IGF ND - 710 12 610 12
IIF 200 14 ND - 160 21
12F ND - 580 12 510 10
13M ND - 870 9 680 8
% ± S D 680 ±  400 840±  680 770±  800
* Error on the photopeak determination only. An additional systematic error of 26 %
has to he added.
@ not detected
Table 8.4 Activity values of radionuclides detected in the chest region.
values of Cs and I with no activities from the 511 keV and the Zr-95; infact this 
subject informed us that during the accident she was indoors and stayed indoors 
until the day she returned to the U.K. The highest Cs value was for subject number 
4F which has a high value of I and low values of the 511 and Zr. The above infor­
mation suggests that a correlation between Cs and I activities and a correlation 
between Cs and Zr may exist, but results from correlation computation did not indi­
cate the existence of the above hypothesis. The errors shown on table 8.4 are due to 
the counting statistics of the photopeak determination. Other errors on the determi­
nation of scatter to peak ratios due to displacement of the source, the source being a 
point rather than distributed, the use of water to simulate the chest and the error 
resulting from ignoring the emission and the scattering from the limbs were calcu­
lated and found to introduce a total systematic error of 26 %.
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8.7. Monitoring air particulates
The radioactive plume from Chernobyl crossed the English Channel into south­
ern England in the early hours of Friday, 2 May 1986, Detailed information on the 
plume movement across the U.K were reported by the Meteorological Office [Smi 86], 
The plume swept across the country depositing various levels of radioactivity in the 
different counties due to wind directions and rainfall pattern. The worst affected 
areas by the fallout were those of Wales, Cumbria and Scotland. The direct effect 
from the Chernobyl plume was between 6:00 am of the 2 May to midnight of 4 
May. However, activity measurements remained above background for well over a 
week after the plume had passed, this activity was speculatedly attributed to wind, 
causing deposited activities to resuspend. Monitoring air particulates was performed 
by using air filters. The activities of several radionuclides in the air were assessed by 
gamma ray spectroscopy.
8.7.1. The air filters
Three air filters from the air conditioning system of a hospital in the London 
area were collected and brought to the Physics Department, University of Surrey for 
radioactive particle analysis on 6 June 1986. The air filters were of different makes 
and they are referred to as AFl, AF2 and AF3. The surface areas of the filters AFl, 
AF2 and AF3 were 2.3, 0.3 and 0.5 square meters respectively when they were taken 
out of their frames and stretched out, but when framed their areas were 0.35, 0.36 
and 0.19 respectively. The filters were in position for the period from 22 April to 
3 June when they were removed,they were located at a height of 12.3 m above the 
ground. The air flow through the filters was 10 cubic meters per minute.
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8.7.2. Method of measurement
The air filters were removed from their frames and folded and rolled to make a 
cylindrical shape in order to allow maximum exposure of the filter to the detector. 
The cylinder sizes were 100 mm diameter X 230 mm high for AFl, 80 mm diameter 
X 60 mm high for AF2 and 60 mm diameter X 150 mm high for AF3.
The gamma ray spectroscopy system consisted of the GeCLi) detector and 
preamplifier, attached to an amplifier which was in turn  attached to the Nuclear 
Data-based multichannel analyser, ND66, which was mentioned in previous chapters. 
Each of the filters was placed axially above the detector as shown in figure 8.9 and 
counted for 12 hours.
Air f i l t e r  ------
Lead sh ie ld
Ge(Li) c r y s ta l
Fig.8.9 The positioning f the air filter above the detector.
The gamma ray spectra were collected over 4096 channels w ith an energy range 
between 60 and 4000 keV. The gamma ray spectra obtained were analysed using the 
SAMPO spectral analysis programme. The gamma ray energies were evaluated and 
their emitters were determined using the table of gamma radiation extracted from
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the UKCNDC data files. A typical gamma ray spectrum of AFl is shown in figure 
8 .10 .
8,7.3. Calculations of activity
Evaluation of activities in air filters with particulates attached to the filter’s 
fibres was not a simple task as it is known that air particulates move in the atmo­
sphere randomly. The case for the radioactive particulates from the Chernobyl 
plume is not an exception. Measuring the activity of a particular radionuclide neces­
sitates knowing its count rate and the detector’s photopeak efficiency for the emitted 
gamma ray energies.
ie.
where
Ap is the activity of the particulate in Bq
Cp is the number of full energy photopeak counts
tc time of counting in seconds
6, (E)
is the full energy photopeak absolute efficiency for energy E
In calculating the absolute efficiency, the solid angle for the source-detector geometry 
is required. In the case of air filters the source is a cylinder, of which the solid angle 
calculation is different from that of a point source. A Monte Carlo method for calcu­
lating the solid angle [Nic 86] was adopted by using a programme implemented on 
the University’s mainframe computer. The solid angle was calculated for AFl and 
found equal to 0.088 ± 0.0029 steradians. Calculating activities for a range of ener­
gies means that a calibration for the detectors absolute efficiency for that energy
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range must be obtained for the same geometry. For this purpose, a calibrated Cs-137 
liquid source with a specific activity of 592 Bq/ml was prepared, The liquid source 
was then placed in a polyethylene container with the same diameter as the air filter. 
The volume of the liquid Cs-137 source used was equal to the volume of the 
corresponding air filter, to maintain the same geometry and hence the same solid 
angle. The liquid Cs source was counted for 900 seconds and the detector’s photo­
peak efficiency was calculated for the 662 keV of Cs-137. Calibrating the efficiency 
of the detector for other energies in the same way as for the Cs-137 was not possible 
because other calibrated liquid sources were not available, beside the practical prob­
lems of creating large volumes of radioactive sources, therefore, another calibration 
of efficiency was made using calibrated point sources one of which was Cs-137, An 
efficiency curve from point sources measurements was obtained. The efficiency ratio 
of distributed source to point source was used to obtain an efficiency curve for the 
energy range of the gamma rays. The recalibration for distributed source geometry 
was as follows :
_ i A 661keV',
“  ep{662keV)
where Res is the Cs efficency ratio, is the efficiency obtained by the distributed 
source, is the efficiency obtained by the point source.
therefore, the efficiency for any other energy can be obtained as
{other )= Res -€p {other ) (8.7)
Using equation (8.7) another efficiency calibration curve was obtained. The
differences in the values of linear attenuation coefficient between water and the
material of AFl was found to be 3 times greater for water, therefore activity values
should be multiplied by 3 as a first approximation.
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8.7,4. Results and discussion
The activity of the different radionuclides for the, different energies were calcu­
lated. Filter AFl, which was made of fine fibers, was found to have higher particle 
retention efficiency, than the other filters, therefore the activities of the different 
radioactive particles in the atmosphere were calculated for AFl. The values of 
activity in AFl at the time of measurement are presented in table 8.5. By assuming 
that the particle activity from the Chernobyl plume was deposited and resuspended 
during the period 2 May to 15 May, the activity concentrations of the detected iso­
topes in air were calculated in Bq/ and are also presented in table 8.5. From the 
results shown, we can see that the highest activity concentrations in air were those 
of Cs-134 and Cs-137 and the lowest values were for Hg-203 and Mn-54. Some of 
the radionuclides shown in the table were formed following subsequent decay of the 
parent radionuclide by beta emission, such as Ba-140 decaying to La-140 and Ru-106 
decaying to Rh-106. The Cs-137/Cs-134 ratios were calculated for each filter and 
they were found for AFl, AF2 and AF3 as 0,68, 0.69 and 0.72 respectively. This 
ratio does not agree with the inventory activities of the releases at source shown in 
table 8.1.
Another comparison of the above caesium ratios with values obtained by the 
UKAEA, AERE HARWELL [Cam 87] also showed disagreement as the above ratios 
of the compared results were greater than one. Errors on the air filter’s measure­
ments were in excess of 30 % as there were many approximations and assumptions 
made. The calculated activities in the air filters were built on the assumption that 
the particulates were uniformly distributed on the filter. In addition errors were 
incurred due to the estimation of the efficiencies obtained by the Cs ratio approxima­
tion. Moreover, there were errors due to counting statistics and the peak area deter-
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Isotop* Activity in 
filter Bq
Activity in 
air (Bq/m
Ag-llOm 540 0.009
Ba-140 430 0.007
Ce-141 150 0.002
Cs-134 16290 0.261
Cs-137 11020 0.177
Hg-203 30 0.0004
1-131 510 0.008
Kr-81 30 0.0005
La-140 2570 0.04
Mn-54 20 0.0004
Nb-95 530 0.008
Pm-151 210 0.003
Rh-106 850 0.014
Ru-103 5641 0.09
Te-129 380 0.006
Te-129m 300 0.005
Zr-95 260 0.004
Table 8.5 Concentrations of radionuclides in the atmosphere from the Chernobyl plume.
mination.
Although the activities of the long-lived radionuclides were small, it would 
have been unwise not to exercise radiation protection and take precautions in han­
dling, storage and disposal of the air filters which were the subject of the investiga­
tions.
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F i g .8.10 Gamma-ray spectrum c o l le c te d  from a ir  f i l t e r  (AFl).
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CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK
9.1. Conclusions
Conclusitivation analysis in the determination of major and trace elements con­
centrations in bioenvironmental samples has proven to be efficient, sensitive and with 
good accuracy.
Proton induced X-ray and gamma-ray emission analysis as well as Rutherford 
backscattering were not employed for analysing a large number of samples in this 
work, nevertheless they were useful in obtaining elemental compositions, concentra­
tions and information about the distribution of elements within a particular matrix.
The use of prompt gamma-ray neutron activation analysis (PGNAA) in the 
analysis of lung specimens yielded several isotopes, however, the complexity of the 
spectra of the lung tissue result in difficulties in the detection of elements at trace 
level by PGNAA. Moreover, the long time of irradiation required per sample, in 
order to obtain a significant energy photopeak, and the impossibility of performing 
post-irradiation radiochemical separation adds to the disadvantage of PGNAA in 
trace element analysis.
Proton induced X-ray emission (PIXE) was useful in the determination of the 
elemental composition of the lung tissue as the X-rays from the atoms of P, S, Cl, K, 
Ca, Se, Ti, Cr, Fe, Ni, Cu, Zn, Ge, Br and Pb were detected, some of which were not 
detected by INAA. Therefore PIXE adds a new dimension to comprehensive studies 
of elemental composition.
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New concentration values in the lung tissue were established for the elements of 
F, Cl, Sc, Ce ad Hf, which had no base line for the range of their concentrations, espe­
cially for Hf which has one value only available in the literature [Van 86]. Other 
concentration values were found within the established range for the tissues of nor­
mal functioning lung.
Fingernail analysis by cyclic and conventional instrumental neutron activation 
has revealed that fingernails can be a useful indicator for monitoring the supplemen­
tary uptake of elements such as Se and Zn. In addition to the metabolism of supple­
mented elements, the metabolic rates of other elements which may be affected can be 
studied; sodium is a good example demonstrated in this work. Variations in the ele­
mental concentration between individual fingernails was evident. The case is clear 
for Se where it was found in greater concentrations in the little fingernail than the 
others. Elemental investigations in fingernail may be enhanced by choosing the 
fingernail where the element is available in higher concentrations than the other nails. 
Thorough investigations of individual nails of each hand or foot for a large number 
of subjects in order to produce a clear picture regarding nail to nail variation is 
required.
Ultrasonic agitation following pre-washing by de-ionized water was found to be 
effective and suitable for fingernail analysis, however more workers should be 
encouraged to test the method in order to establish a standard method of cleaning 
nail samples. The usefulness of the investigations on fingernails described in this 
work is contrary to the claims made by Heydom that as nails have no generally 
accepted method of cleaning they should not be considered as a material to be recom­
mended for clinical research [Hey 84].
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The study of bone biopsy specimens for fiuorine concentrations has shown that 
CNAA has been more efficient than PIGE in terms of the experimental time required 
per sample and the extra information provided about trace element composition in 
the same experiment. However, PIGE analysis has the capability of allowing study 
of variations along the length of the bone specimens which may prove valuable. The 
errors on the determination of fluorine concentrations in the bone specimens by 
CNAA and PIGE are of the same order. Further investigations are required inorder to 
carry out a comparison between CNAA and PIGE in fluorine analysis in order to 
explore the reasons why F concentrations in the bone samples determined by PIGE 
are lower than those determined by CNAA. Rutherford backscattering of helium 
ions has proved to be a good method for determining the major element composition 
of the sample in order to calculate the volume and hence the mass of the sample 
excited in PIGE and therefore express the results in terms of concentrations. 
Analysts who do not estimate the major element composition by RES and therefore 
do not calculate the range of the charged particles but assume it to be the same in 
both standard and sample may be making severe errors in their determination of ele­
mental concentrations. The scattering of hydrogen ions from the bone specimens was 
non-Rutherford and therefore could not be used for determining the composition of 
the major elements in the sample.
Results obtained for fluorine concentrations in the four groups of subjects indi­
cated that a positive correlation may exist between fluorine concentrations in the 
bone and aluminium levels in the system. This was contrary to the expectations as 
published research on nutrition indicated otherwise [Pfe 78]. The concentrations of 
Ca, Mg and Na in the bone specimens from the four groups of subjects are in agree­
ment with the published values for normal bone tissue. The F and Se values
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obtained for the four groups were on the lower side than those of the normals. 
Therefore it may be tentatively suggested that subjects who suffer from osteoporosis 
and those on kidney dialysis have de-mineralization rates for F and Se greater than 
the normals.
The study on mass fractionation has proved that by mass fractionating a sam­
ple, better signal to noise ratios can be obtained, increasing the sensitivity of detec­
tion. In addition, the smaller the fraction, the greater the sensitivity, and the lower 
the dead time encountered in the measurement.
The sampling factor was found to be a suitable criterion for characterising the 
homegeneity of a material, according to which, a representative mass of sample or a 
reference material is sampled. This factor was found to vary from one element to 
another according to its concentration in the matrix. For Bowen's kale the minimum 
required mass was found to be 17 mg for Ca and about 600 mg for V. Therefore 
analysts should be aware of the minimum representative mass, if not of their own 
’unknown' samples, at least of the standard reference material they intend to use.
The unfortunate occurrence of the Chernobyl accident has opened a wide win­
dow with regards to safety standards and countermeasures. In this work, the meas­
urements on the Surrey students returning from the USSR have shown that the use 
of the scatter to peak ratio, in principle, is a useful means to normalize for varia­
tions in chest size using a chest phantom. But it must be pointed out that these 
measurements were taken quickly and rapidly, not in ideal situations and carried out 
in such a way as not to alarm the subjects. Rightly or wrongly it was decided from 
the University Radiation Protection Officer not to measure again the activity in these 
students, at a later stage . The activities and dose levels obtained by the thyroid and 
chest measurements were found to be within safe limits, nevertheless these values
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may have been smaller if information and action plans were announced in Minsk 
and Kiev as soon as the accident had occured. Staying indoors seems to be the best 
way of protection in such circumstances as suggested by the measurements.
Counting air filters from the ventilation systems was found to be one of the 
cheapest and efficient ways in monitoring the atmosphere for levels of radioactivity 
and it is suggested that these filters should be monitored on a continuous basis for 
detailed record keeping purposes.
9.2. Suggestions for further work
With reference to the cyclic activation system, enhancement of the CAS detec­
tion system can be achieved by simultaneously operating the GeCLi) and the HPGe 
detectors. This will enable the measurements of low energy photons, and therefore a 
full energy range can be studied. Operating the two detectors simultaneously 
requires a set of electronics for the HPGe detector including a power supply, an 
amplifier and an ADC. However, data handling in this case, will require some 
modification.
Better shielding of the counting station of the CAS system would improve the 
signal to noise ratio and reduce the dead-time incurred.
For nail analysis several investigations are required for the study of elemental 
supplementation. Finger to finger and hand to hand variations with respect to ele­
mental concentration in nail is still an unexplored area of research where the avail­
able literature has very little to offer. Metabolic changes in nail w ith reference to 
element variations also requires thorough investigation.
Further work is required for analysing the bone specimens for long lived 
radionuclides of Pb and Hg which are considered toxic, and Zn, which is an essential
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element, in order to examine possible correlations between these elements and the F 
and Al. Therefore, long irradiations of the samples are necessary for such explora­
tions.
In order to compare CNAA with PIGE and RBS for determining elemental con­
centrations further investigatory work with a larger number of samples is essential, 
especially for studying bone tissue for fluorine concentrations as PIGE provided 
significantly lower concenrations of the element than CNAA, which may be regarded 
as coincidental.
More experiments are necessary, in the study of mass fractionation in order to 
establish a calibration or relationship between the fraction size and the signal to noise 
ratio for a particular element. This can be applied by analysing several batches of 
samples with various sample sizes.
The concept of sampling factor should be applied on all the available reference 
materials for the different elements, in other words produce tables of the sampling 
factor and hence the true representative mass needed to analyse a particular standard 
for all the certified elements.
The use of multi element reference material as analysis standards should be 
discouraged; obtaining and preparing standards is also costly and time consuming. 
Instead some emphasis should be placed on improving the absolute method for the 
determination of the elemental concentrations. This can be achieved by developing 
the methods of the Æq factor and testing and investigating the various neutron-flux 
monitors for rapid instantaneous thermal and epithermal flux measurements e.g. Lu.
In the case of the Chernobyl thyroid and chest measurements, the use of a high 
resolution detector along with the efficient NalCTl) would have produced extra infor- 
maton about the radionuclides introduced to the body following the accident. Also
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using more than one detector for the chest measurements would have made easy the 
localization of a particular hot particle within the chest or the lungs. Total body 
counting in such cases would give better accuracy with high levels of confidence in 
the determination of the total body activity and the dose equivalent. Recounting the 
subjects at a later occasion would have given an indication about the metabolism of 
the radionuclides taken up following the release of radioactivity.
Conclusions and suggestions for further work
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